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Gaudette, Noel G., Jr., M.S.C.E., Purdue University, January, 1S61.
Application of the Kneading Compactor and Hveem Stabilometer to Bitumi-
nous Concrete Design in Indiana. Major Professor: William K. Goett.
This study was undertaken with the intention of indicating a suit-
able Hveem design procedure to be employed in the design of Indiana
bituminous mixtures under heavy traffic conditions. The study had two
major purposes t l) to study the validity of using the present Hveem
design method, as employed by the California Highway Department, for
design of Indiana surface and binder mixtures, and 2) if some modifi-
cation of the standard California, procedure was indicated for Indiana
surfaoe and binder mixtures, the laboratory compaction pressure would
be altered until test results for field and laboratory specimens were
in substantial agreement.
In evaluating the laboratory test results presented in this study
it is important to view the data as an attempt to simulate the field
condition of the pavement after five years of service by varying the
kneading compaction intensity, and, in a few cases, the number of knead-
ing tamps. No attempt is made to establish the most suitable asphalt
content by the Hveem design procedure since, in order to reproduce best
the field properties of the mixtures, set asphalt contents and gradations
are used which were established by tests on the field mixtures. The
primary intention of this study was to simulate specific field conditions




The study required sampling of bituminous pavements by taking 4-in.
diameter cores and performing a laboratory correlation. Marshall tests
were made on composite samples for four samplings over a five-year per-
iod and Hveem tests were made on composite and individual -course sam-
ples for the final sampling in 1959.
A mechanical kneading compactor was used for fabricating laboratory
specimens with mixture properties comparable to the properties for cored
specimens taken from the pavements, and samples of each mixture were al-
so compacted with the Marshall hammer and tested for further information.
The Hveem Stabilometer and Marshall stability machine were used for mea-
suring the strength of both field and laboratory specimens. Mixture
void contents were measured for field and laboratory-compacted specimens
using Rice specific gravity values. Aggregate degradation was studied
in a very limited way by comparing aggregate gradations and the percent
of mix retained on the No. 6 sieve, for field-compacted samples and
laboratory-compacted samples, to the original aggregate gradation used
at the time of construction.
Tests were also made to determine the effect of kneading compaction
on specimen uniformity by determining density, asphalt content, and ag-
gregate degradation variation throughout compacted specimens. Pavement
cores were recompacted using the kneading compactor and the standard com-
paction procedure in an effort to reproduce field density and Hveem sta-
bility values.
The test results of density and Marshall tests for composite sam-
ples from four samplings during a five-year period have shown that the
traffic-compacted density and Marshall stability reached values near
XT
maximum after one year of service. For any period after one service
year, density and Marshall stability values were consistently highest
at traffic-signal intersections when compared with the density and sta-
bility results at sections under more uniform traffic flow. Density
and Marshall stability results showed a wide variation with respect to
the wheeltrack and between-wheel track positions under channelized and
heavy traffic, but no significant difference between positions was in-
dicated under non-channelized traffic and lower traffic volumes.
All Hveem stability values for composite field samples were less
than 35, or lower than the minimum permissible laboratory-compacted
Hveem stability value used for design in California. All Hveem stability
values on surface samples were less than 35 and only 20 percent of the
stability values on binder samples were over 35. Void contents for pave-
ment cores were normally low but they varied with the traffic condition
and traffic volume. Extracted aggregate samples from the pavements show-
ed degradation primarily of the plus No. 4 sieve size of coarse aggregate
and a definite increase in the minus No. 200 sieve material for all
tests on surface and binder samples.
The CKK and 0E procedures, using extrapolations of the standard
charts, indicated lower optimum asphalt contents for surface mixtures
than those commonly used in Indiana and an asphalt content increase of
about l/2 percent for binder mixtures.
Variation of the kneading compaction pressure for the four mixtures
used in this study showed that density increased as the compaction pres-
sure was increased. Hveem stability values of the binder mixtures gen-
erally increased with an increase in compaction pressure and appeared to
approach a maximum near maximum density. For these binder mixtures an
xvi
increase in density increased the Hveem stability.
For surface mixtures,
and increase in compaction pressure generally decreased
the Hveem sta-
bility so that an increase in density was accompanied by
a decrease in
Hveem stability.
Marshall-compacted densities for each of the four mixtures were
much lower than kneading-compacted densities, but Hveem stability
values
for Marshall-compacted specimens were well above those for
pavement-core
samples for each mixture.
Specimen uniformity tests for specimens cut into three layers show-
ed that the density variation was as high as 7 pcf between top
and bot-
tom layers of a kneading-compacted specimen with the bottom of the
spe-
cimen being the least dense. Asphalt contents were highest in the bot-
tom layer and, generally, aggregate degradation was greatest in the top
layer.
It is concluded from this study that, generally, the normal 500 psi
compaction pressure can be used for Indiana binder mixtures, but a low-
er design compaction pressure should be employed for compacting more
sensitive mixtures. These sensitive mixtures are usually surface mix-
tures, especially those surface mixtures containing high percentages of
crushed limestone aggregate and a high asphalt content.
APPLICATION OF THE KNEADING COMPACTOR AND HVEEM STABILOMETER
TO BITUMINOUS CONCRETE DESIGN IN INDIANA
INTRODUCTION
The necessity for extended research in the area of bituminous con-
crete stability has resulted in a aeries of investigations by several
research agencies. Each study, while adding new data and contributing
to a better understanding of bituminous mixture design, unfolds a ser-
ies of new problems that require further investigation before definite
conclusions may be stated.
In a study by Hannan (18)* it was suggested that a project be
undertaken that "would give an indication of the stability values need-
ed for satisfactory pavement performance in Indiana." Hannan also sug-
gested that an investigation be undertaken which would establish a
satisfactory compaction procedure for Indiana mixtures using the knead-
ing compactor. These ideas fostered the investigation at hand.
The Mix Design Manual of The Asphalt Institute (49) states that
"to date, the Hveem method has been used principally for the design of
dense paving mixtures." The conclusions drawn from research with dense
mixtures cannot be applied to the more open-type Indiana mixtures until
substantial evidence is presented to affirm such conclusions. Some
modification of the procedure is certainly to be expected.
An extensive program investigating the stability of bituminous
* Numbers in parentheses correspond to references listed in the
bibliography.
mixtures has been undertaken by the Joint Highway Research Project over
the past decade. Goetz (13) stated in 1951 that "It is a well-recog-
nized fact that our pavement design procedures are inadequate in general
and seriously lacking in many particulars." Goetz justified this state-
ment by adding, "...highway engineers, are faced with a serious problem
- the design of pavements which are adequate to withstand the traffic
expected throughout their life, while at the same time avoiding over-
design and excessive costs."
In recent years bituminous mixtures have been used extensively for
resurfacing concrete pavements in several states. The state of Indiana
has made wide use of bituminous mixtures for this type of construction.
Late investigations have demonstrated that some modification of the
original mixture is necessary to avoid excessive rutting and shoving
of the resurface layer. Goetz (13) comments on failure in this appli-
cation by stating: "If shoving or rutting occurs in this use, we know
it must be due to lack of stability in the mixture itself and not because
of the movement of lower layers." In conclusion, Goetz writes: "We
feel definitely that our research program on flexible pavement design
will remain deficient and fall short of the goal unless our laboratory
program is benefited by companion studies in the field. ...We feel
that a field research program is badly needed."
The problem of rutting in bituminous concrete overlays was first
investigated in Indiana in 1953. Goetz and McLaughlin (15) state:
Evidence of lack of stability of some mixtures in some service con-
ditions has been the development of ruts in the overlay in the wheel-
track areas." Their study clearly indicates, "The condition was found
to be most severe at signalized intersections where the pavement and the
overlay were subjected to stresses from braking traffic and to static
loads." They conclude: "...it would appear that greater denai fication
during construction would be desirable. This matter is of extreme im-
portance for realistio bituminous mixture design to serve severe traffic
conditions."
The following excerpts from a 1957 report by Goetz and McLaughlin
(15) will help to summarize the present problem which Indiana has in
the design of bituminous concrete mixtures.
The bituminous concrete most used by the state of
Indiana has been included in the standard specifications
without essential change as to type at least since 1934.
Until about 1948, this material was used primarily as the
surfacing layers of high-type flexible pavements. In
this application, the performance of the material was
considered to be entirely satisfactory and the stability
of the mixture was not questioned.
Since 1948 this bituminous mixture type has been
used more and more for the resurfacing of deteriorated
Portland cement concrete pavements. Also, in the period
following the war and particularly in the last several
years, the number and weight of heavy vehicles using
Indiana highways has increased markedly. This change in
the use of the material, coupled with the large increase
in traffic might be expected to create problems that did
not exist previously.
The bituminous-concrete overlay that has been used
in Indiana usually is composed of two layers: 1) a bin-
der or leveling course which has a maximum aggregate
size of three quarters to one-inch, 65 per cent coarse
aggregate (material retained on the No. 6 sieve), 35
per cent fine aggregate (essentially none of which passes
the No. 200 sieve), and which contains 4.5 to 5.5 per
cont asphalt by weight of the mixture, and 2) a surface
course which has a maximum aggregate size of ^--inch,
about 50 per cent coarse aggregate, 50 per cent fine
aggregate and with about 3 per cent of the total passing
the No. 200 sieve. It usually contains 6.0 to 7.0 per
cent asphalt by weight of the mixture. The thickness
to which each of the courses is laid is variable depend-
ing upon the condition of the road to be resurfaced,
the expected traffic intensity and perhaps other factors,
but a total thickness of 2g- inches composed of If- inches
of binder and 1-inch of surface in not uncommon. The
asphalt cement used is a 60-70 penetration grade.
...Failures under consideration were concluded to
be caused by plastic flow. The realization of these
failures and their nature led the Indiana Highway De-
partment to modify their bituminous concrete by several
approaches. Asphalt content generally has been reduced
in both the binder and surface layers. In some instances,
the maximum aggregate size of the binder has been in-
creased and the thickness of this layer increased with a
corresponding decrease in surfaoe-layer thickness.
In other instances the ratio of coarse aggregate to fine
aggregate has been increased in both the binder and the
surface. Perhaps these modifications will provide the
solution. There have been overlays built incorporating
one or more of these modifications which appear to be
performing quite satisfactorily at the present time under
severe service conditions.
...In spite of this apparently satisfactory perfor-
mance to date, however, it may be that an entirely new
design concept is needed, if not immediately, then per-
haps in the not too distant future. But accompanying a
new or even modified design concept must be a better
method of evaluating the mixture in the laboratory. The
presently accepted strengt?i tests for bituminous mixtures
appear to be inadequate in certain cases.
For example, the mixture that rutted under traffic
action until the underlying concrete showed through will
meet the stability requirements of most of the standard
acceptance tests. Yet under some service conditions the
mix is obviously overly plastic. Highway engineers are
particularly concerned with obtaining a laboratory test
method which would overcome the inadequacies of the pre-
sent methods ...
It has been suggested that the problems presented above might be
solved by use of a more densely-graded mixture. Goetz, McLaughlin and
Wood (16) comment on this point in the following manner:
This bituminous concrete is based upon a design
which avoids the strictly dense-graded mixture concept
in favor of one which provides appreciable aggregate
voids to accomodate increased percentages of asphalt.
It is recognized that there are those who would suggest
that the problem outlined could be solved readily by em-
ploying a more densely-graded mixture at reduced asphalt
content. This is probably true, and it may well be that
Indiana will be forced to abandon its present concept
of design in order to deal with the present severe ser-
vice conditions, and the even more severe conditions
which we can expect in the future. It is suggested, how-
ever, that this possibility does not alleviate the basic
problem that requires asphalt paving technologists to de-
sign mixtures for conditions for which our present met-
hods of design have been shown to be inadequate.
The following paragraphs describe briefly the recent research ef-
forts that have been made to evaluate the current Indiana bituminous
mixture problems
.
A series of studies relating the behavior of bituminous mixtures
under repeated loads were undertaken. Wood and Goeti (54), Goett, Mc-
Laughlin and Wood (16), and Dennis (7) contributed information on the
action of bituminous concrete under repeated loads. An earlier study
by Chen (6) contributed general information on bituminous concrete sta-
bility as determined in the laboratory by several common strength-test-
ing procedures.
Chen (6) pointed out that "When a bituminous pavement is under
traffic, the loads acting on the pavement will first consolidate the
bituminous mixture, if it is not well compacted." This is the action
intended to be reproduced by a repeated-load type of test in the labora-
tory. Wood and Goetz (54) theorized that two factors have brought about
rutting and shoving in the wheeltrack areas:
1. Heavier wheel loads have increased the stress experienced by
the overlay.
2. The accumulated permanent deformation has increased due to in-
creased repetitions of load.
They conclude:
The combination of these two factors has brought
about a situation such that plastic deformation becomes
a significant factor. This plastic deformation ie not
recoverable; the lanes experiencing the majority of the
wheel loads are permanently deformed. This action is
especially noted in the vicinity of stop lights where
the stresses in the overlay are applied slowly and over
a longer period of time than on the open stretch of road.
The study by Wood and Goetz (54) presented other valuable infor-
mation to be considered in the design of bituminous mixtures. They
comments
Field performance indicates that extreme conditions
of loading for a bituminous layer occur during summer
climatic conditions under a stationary load or at locat-
ions where heavy trucks with high tire pressures undergo
slowing or stopping movements. The plastic component
of deformation under these conditions assumes major im-
portance. The proper mixture design should minimize this
component.
While it iB important that a mixture should have
sufficient stability under the above conditions, it must
be remembered that winter temperatures impose a situation
upon the mixture such that it acts more like an elastic
body. Under low temperatures, the mixture could become
quite brittle.
Dennis (7) conducted his study of repeated-loading under the pre-
mise that "Since rutting is usually accompanied by a change in density
and amount of voids filled with asphalt, there should be a relationship
between rutting and stability."
Currently the triaxial test is being employed in research studies
in an attempt to minimize the present problems with Indiana bituminous
mixtures. Contributions have been offered by Oppenlander and Goetz (37),
Schaub (42), and by Hannan (18) who used the Hveem Stabilometer. The
equipment and manner of the strength tests for these studies differed
greatly but each investigation has very definitely added to our know-
ledge of bituminous mixture stability.
The present trend is toward continued use of the triaxial and re-
peated-load procedures as research techniques, with an increase in the
use of the Hvoem Stabilometer for design purposes since the use of the
Hveem design method by the Indiana Highway Department. It is hoped
that the Hveem method will provide a rational design. Hennes (19)
writes: "The regional popularity of this method stems from the fact
that the accompanying methodology takes into account all of the princi-
pal factors which have been thought to be influential in affecting pave-
ment performance."
Reproduction of conditions in the field by a laboratory compaction
method has long been a serious problem and the advent and growing use
of the kneading compactor has greatly overcome these difficulties.
Hennes (19) comments on this as follows:
The structural arrangement of aggregate particles
^yades direct measurement. One recourse in this dilema
is to seek to achieve the same structural effects in our
test specimen as those prevailing in the field, by care-
ful laboratory simulation of field construction practices.
...Much of the attention of the Triaxial Institute for
structural pavement design has been devoted to the de-
velopment of a satisfactory kneading compactor which
would shove, rather than pound, aggregate particles into
more compact arrangements.
The versatility of the kneading compactor, and its elimination of
a large part of the personal error involved in compacting specimens,
has made its use very desirable. Schaub (42) employed the kneading
compactor to obtain rational triaxial specimens of uniform density and
asphalt content. Hannan (18) did not use the kneading compactor for
the bulk of his work; however, his study is the most informative to
date on testing Indiana bituminous mixtures with the Hveem Stabilometer.
The compaction and testing procedure generally followed in the
study at hand are presented in the California Materials Manual (47).
REVIEW OF LITERATURE
A review of the development and reasoning behind the use of the
Hveom design method is the primary function of this section. In the
INTRODUCTION of this report many studies have already been reviewed in
an effort to present the basic problem and purpose of this investigation.
In order to present the common techniques of sampling, compacting
and testing followed in this investigation, the review of literature is
composed of five topics:
1. Stability of bituminous mixtures
2. Highway performance studies
3. Compaction of bituminous concrete
4. Soils investigations
5. Marshall and triaxial versus Hveem
Stability of Bituminous Mixtures
Neppe (34) in his literature summary on mechanical stability of
bituminous mixtures makes several pertinent comments. He states that
the ability of an asphalt pavement to carry traffic loads is primarily
dependent upon the mineral aggregate. This ability depends on internal
friction and on the mechanical arrangement of interlocking of the in-
dividual particles of the mass, which are greatly affected by the de-
gree of compaction, particle shape or angularity and surface texture in
addition to the aggregate grading.
Neppe' s report sumrarites ideas of Stanton and Hveem who believed
"that the surface character of the mineral aggregate is the most im-
portai.t single quality affecting the stability of a bituminous pavement
and advocate the use of rough stone to maintain as much friction as
possible between the particles."
Investigations (21, 24, 44) have shown that aggregates are eventual-
ly crushed in service to a size distribution approaching a maximum den-
sity. Stanton and Hveem (44) do not suggest using such a gradation for
design since they believe this will lead to critical conditions in which
the voids tend to become too easily overfilled and the mixture unstabi-
lized.
Hveem (21) writes: "It was a little disturbing to discover that
some of the most unconventional and irregular grading curves were identi-
fied with the most successful roads, while in several failures, the
gradings complied very nicely with orthodox ideas as represented by
Fuller's curve." Neppe (34) states that Endersby substantiates this by
pointing out that, when voids decrease as a result of compaction, a sta-
ble pavement may lose its stability in practice because of excess asphalt.
Stanton and Hveem (44) do not believe that low void volume is an essent-
ial measure of mixture quality. Hveem (21) emphasizes that equilibrium
characteristics depend upon the conditions at contact points between
discrete particles.
There is agreement that the most suitable content of bitumen in a
mixture is the largest amount that can be tolerated by the aggregate
without developing instability. However, Neppe (34) concludes that
"the whole field of bituminous pavement design is covered with empiri-
cism and controversy."
Work by Herrin and Goetz (20) indicates that the stability of a
10
mixture may be improved by use of a crushed-stone fine aggregate instead
of natural sand. Their results also demonstrate the strength of a mix-
ture is influenced more by the fine aggregate than by the variations
in shape of the coarse aggregate.
Herrin and Goetz (20) conclude that grading of the aggregate is an
important factor affecting the strength of bituminous-aggregate mixtures
and has more effect on strength than does the shape of the aggregate.
An interesting comment on stability is provided by Lottman and
Goetz (26): "Since in many cases as little as 25 per cent crusher dust
produced a significant increase in mixture strength for those mixtures
tested, it appears that this means of providing stability increase
should be given consideration in those areas where mixtures produced
with natural sands lack sufficient stability."
Griffith and Kallas (17) affirmed these effects of fine aggregate
on stability. They added that the fine aggregate type had considerable
effect on the aggregate voids characteristics as well as on stability
of mixtures.
Highway Performance Studies
More and more, state highway departments are incorporating per-
formance studies into their bituminous pavement design programs. Al-
though the information obtained from such studies is generally quite
variable, it is of extreme value, especially when studies are conducted
on pavements for a period of several years.
Field performance studies provide information on the actual pro-
perties of the in-service pavement. These results are extremely valu-
able in preparing laboratory specimens since laboratory test results
11
are valid only if the specimen is representative of field conditions.
Goetz (12) writes that traffic is one of the three factors dif-
ficult to evaluate by laboratory or field tests alone. He adds: "How-
ever, laboratory or field tests, when used in conjunction with field
performance surveys, can provide excellent design information." Goetz
concludes: "Pavement performance surveys have and will continue to pro-
vide the necessary correlation between the laboratory and the field."
Vallerga (51) defines instability as deformation of the pavement
under traffic loads and presents a table to categorize three major
failure types and the causes of each. Table 1 is extracted from this
table.
Vallerga proposes three general rules to be observed in the design
of an asphalt mixture:
1. Select a good quality, relatively hard, hydro-
phobic, rough-textured aggregate of any desired grading
to meet requirements of workability, permeability, pave-
ment texture, and economy.
2. Choose asphalt consistency as soft as possible
to insure good workability and long life but still hard
enough to provide adequate tensile strength and resist-
ance to water for the grading selected.
3. Use as much asphalt as the mix will tolerate
without loss of stability.
Vallerga (52) has stated that road building will always be an art
in which experience and records of performance will always influence
engineering decisions.
Neppe (34) lists "deformation or flow caused primarily by the load
carried" as the foremost type of failure in bituminous pavements. He
emphasizes that the effects of braking and acceleration are consider-
ably more serious than free -running loads.
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Stevens (48) presents several conrnents of interest relative to the
failure of bituminous pavements under traffic:
The load bearing capacity of an asphalt mix is de-
pendent on both the asphalt and the mineral matter. But
asphalt is a material which will move and flow and ad-
just itself, while mineral matter or aggregate resists
movement until overloaded.
...Sudden application and release of a load on pav-
ing asphalt has little effect on it aa the rate of this
flow is quite slow, but, if a load rests for some time
on a piece of paving asphalt, it will sink some distance
into the asphalt.
For this reason, even a pavement in which the pro-
perties of the asphalt are very pronounced will continue
to carry rapid-moving traffic because the paving asphalt
resists the shock loading it receives under these cir-
cumstances.
However, if traffic comes to a halt on such a pave-
ment, the slow flow properties of the asphalt become evi-
dent and the mix shoves up in ridges.
Compaction of Bituminous Concrete
It is generally agreed that the manner in which a specimen is form-
ed in the laboratory is of utmost importance if the stability measured
is to be meaningful. Goett (14) substantiates this by stating: "The
most important phase of the present design problem is not how to test
a laboratory specimen, but how to form a laboratory specimen that re-
presents the mixture as it is used in service."
Monisnith and Vallerga (32) write:
In the design of asphaltic paving mixtures by means
of laboratory tests, the object of laboratory compaction
procedures should be to produce specimens which are re-
presentative of materials of similar composition compact-
ed by construction equipment and traffic in the field.
Smith (43) writes:
Precise testing of stability properties of soils,
aggregates, and bituminous mixtures used in flexible
13
Table 1
Table for Improving Stability Performance of Asphaltic Pavements (a)
Type of
Failure Causes Function of
Instability Low interparticle friction Particle surface texture
Quality of asphalt (excess)
Particle contact pressure
(compaction)
Low liquid friction or Gradation or surface area
mass viscosity (points of contact)
Types and amount of asphalt
Density
Lack of inertia resistance Speed of vehicle
Weight of vehicle
*4ass of pavement affected
(a) V aiierga (51).
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pavement construction involves the preparation of test
specimens of densities and gradations closely approxi-
mating those that can be obtained in actual construction
practice.
Smith adds:
Density may be a misleading criterion for the judging
of the stability of a mix. ...Field observations showed
that certain asphaltic surfaces possessed adequate stabili-
ty for several months or more after construction, but e-
ventually showed some shoving distress. Investigation
of this situation revealed that some mixes of adequate
internal friction and cohesion at the time of construct-
ion became over-lubricated due to densification under
traffic. As the result of this densification, the stabili-
ty properties of the mix as measured by the triaxial test
were greatly reduced.
Monismith and Vallerga (32) present similar conclusions: "From
experience, however, it has been found that densification of some
asphaltic mixtures in the road by traffic over a period of time has
actually resulted in a decrease in stability."
In 1957 the Association of Asphalt Paving Technologists presented
a symposium on compaction. The following excerpts are from a paper pre-
sented by Nevitt (35) at that meeting:
Compaction is an energy- consuming process in which
forces act to produce a definite result. Complexities
or differences in this result, often large, arise from
wide variation in the forces, in their magnitude and
duration, and in their direction, along with similar
differences in the possible resistance effects.
...Consolidation or road compaction utilize relatively
low intensity forces repeatedly applied at varied rates
but without impact and with alternating horizontal compo-
nents developed from all directions.
...Direct compression required high force intensity
to produce any density, results in negligible particle
orientation, and also causes excessive degradation with
many aggregates.
...Impact effects are accomplished by high stress
intensities, correspondingly high inertia and flow re-
sistances, and some degradation.
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...Vibration superficially appears a quite different
compacting agency than traffic.
...No standardized test generally U3ed today can be
set up to assume such duplication, since each mix may re-
quire a different laboratory compactive effort to pro-
duce the same effects as consolidation or other compact-
ion due to the inherent difference in mix characteristics.
A laboratory compaction method which will do this must
duplicate the elements of traffic action with reasonable
exactness
.
The Marshall method of compaction has been used for extensive cor-
relation studies. The density obtained is usually that which is produc-
ed by the construction equipment according to Marshall (27). Dillard
(8) affirms this, and adds that construction densities are quite vari-
able since the time and temperature of rolling are variable.
In 1948 the Triaxial Institute was formed to develop a scientific,
yet rapid, testing procedure. It was readily realized that no present
compaction method was satisfactory and work was begun on a new compactor
which is commonly referred to as a kneading compactor. In reporting on
the compactor, Endersby (9) comments that the particle orientation ob-
tained approaches that obtained in a pavement under traffic compaction.
He presented three conclusions:
1. Results differ radically in some cases with
method of compaction regardless of density achieved.
2. That an over-all correlation cannot be obtained
because the same relation does not hold good for all
aggregates.
3. That only kneading or rolling methods are like-
ly to reproduce road conditions.
Hveem and Davis (24) have stated that experience indicates a knead-
ing-type compaction is capable of producing an amount of degradation
of the material comparable with that which occurs in a pavement. Smith
(43) affirms this by the statement: "Kneading- type compaction is known
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to yield specimens approximating closely the particle orientation and
stability properties obtained in actual field construction." He con-
tinues: "For bituminous mixes possessing less than about 5 per cent
voids and for many soils and aggregates, kneading- type compaction has
been the only suitable method for preparing test specimens which exhibit
intergranular friction characteristics equivalent to observed field be-
havior."
A study by Vallerga (50) of comparative Hveem Stabilometer values
for three common compaction methods indicated that only kneading com-
paction definitely correlates with pavement performance. Obviously,
some phenomena, other than density, influences the results. This is
most probably orientation of the particles.
Endersby and Vallerga (10) state:
In running down possible differences between laborat-
ory and field compaction the first fairly obvious point
is that the pavement as laid down has no rigid mold a-
rour.d it, which is a major factor in both compaction and
particle arrangements in laboratory specimens. This sit-
uation can be changed by working particles away from the
mold, by making the mold flexible or yielding, by shaking
them loose from the mold, or by taking the mold away al-
together. The chief difference between any kind of mold
compaction, and roller or pneumatic-tired compaction in
the field, is that adjacent to the roller or tire the
particles can move laterally or longitudinally with con-
siderable freedom; and with a fair amount of freedom
vertically also.
...The roller and traffic condition can be approach-
ed closely if the pressure is applied through a loaded
area smaller in diameter than the mold and the material is
pushed around and around the mold to any desired degree.
Endersby and Vallerga (10) conclude that kneading compaction pro-
duces stability curves which are more sensitive to asphalt content than
other methods of compaction. Higher magnitudes of stability are commonly
obtained at low asphalt contents and lower magnitudes at high asphalt
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contents. The versatility of the machine ie also a pronounced feature.
The stato of California uses a tamping pressure of 500 psi to obtain
densities a little on the light side of traffic compaction and the state
of Washington uses a tamping pressure of 350 psi to obtain densities a
little on the heavy side of traffic compaction (10). This implies that
the compaction of laboratory specimens may be accomplished with the
kneading compactor for a wide compaction pressure range to agree with
particular design data established by traffic variations. Another
feature of the versatility of the compactor is that by increasing the
compactive effort it is believed that mixes which will drop in stability
with additional compaction can be detected.
The machine will compact specimens up to 6 inches in diameter and
12 inches high. Schaub (42) used a kneading compactor for compacting
rational triaxial specimens of uniform density and asphalt content.
The Texas Highway Department has made extensive use of a kneading
compactor that, unlike the machine built by the Triaxial Institute,
operates on a gyratory principle. According to Philippi (39), the com-
pactor has the ability to produce a specimen with density and degradat-
ion characteristics common to bituminous concrete pavements in Texas.
McPae (30) describes a Eiechanized type of gyratory compactor de-
veloped by the Army Corps of Engineers. This machine has proven to be
satisfactory to produce densities corresponding to those produced under
high-pressure-tire channelized traffic of heavy military airplanes.
Degradation appeared to be the same as in the pavement for minus No. 200
sieve material according to McRae and McDaniel (31), but breakdown was
considerably higher for larger aggregates in the actual pavement.
Properties of specimens compacted by gyratory methods are closer
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to specimen properties obtained with the Triaxiol Institute kneading
compactor than any other common type of compaction (35).
In molding laboratory specimens to compare with pavoment samples
there is always the problem of how close the property characteristics
should be in order to be satisfactory. It seems reasonable that if we
duplicate the compaction procedure to a point where equal stability is
obtained at the same density, the specimens have essentially the same
internal structure.
The aim in California has been to prepare specimens representing
the pavement at the age of one year because it has been found that,
usually, the additional compaction of the traffic will bring out any
instability within that one year period.
In selecting a design criteria, there are three principal condit-
ions of pavement stability which must be considered. McLeod (2S) lists
these three conditions as follows:
1. Stability under stationary loads.
2. Stability under loads moving at a relatively
high and reasonably uniform rate of speed.
3. Stability under the braking and accelerating
stresses of traffic.
The most critical condition is the first of these conditions for
most pavements. The third condition is second in severity and the
second condition is seldomly, if ever, the critical factor in design.
Braking stresses shove the pavement forward and accelerating stress-
e? shove the pavement backward. McLeod (.29) states that braking stress-
es are most probably more severe than accelerating stresses from their
very nature. McLeod concludes that the resistance to braking stresses
increases with an increase in the pavement thickness. This implies that
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for a given braking stress, a thin pavement must be designed to have a
higher minimum stability than a thick pavement. McLeod nullifies the
use of the braking stress criteria for design by stating that the ten-
dency of the vertical load to squeeze the pavement out from under the
tire seems to present a more critical condition than the braking stress
itself.
Nevitt (35) emphasized that the critical condition of a pavement
is after maximum consolidation has been achieved by traffic compaction.
He points out that the final density increase above the construction
density values may be small but the compaction effort is much higher
as a result of the many traffic coverages during service. Nevitt be-
lieved that the increase of compaction effort by traffic greatly affects
the pavement stability and in conclusion he states:
To compare compaction effects safely or to de-
termine if they simulate consolidation in traffic,
highly compacted specimens must be resorted to.
Nevitt addB that results" from several projects cannot be averaged
together if a reliable design criteria is to be established. He reasons
that the need to compare specimens under conditions of maximum consoli-
dation or compaction is primarily the result of orientation effects.
It is believed that the most critical compaction situation is that
of maximum consolidation since the most serious failure can correspond
to this condition. For standing loads, bituminous mixtures have but
little more capacity to support loads than the same thicknesses of un-
treated crushed stone. For rapidly moving traffic there is a tremendous
increase in this resistance. However, traffic lanes are not parking
strips; and shearing strength under static conditions cannot be direct-
ly related to flexible pavement performance under traffic.
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Voids are not considered as being too significant in the Hveem de-
sign method as long as they are not filled. When the voids become fill-
ed there is a rapid drop in the mix stability. It is generally accepted
that the use of a voids criterion for establishing stability is not a
reliable procedure, however, its use for controlling durability is not
argued.
Pavement instability failures caused by the excess compaction oc-
curring under heavy channelized traffic has brought about a reduction
of 20 per cent of the bitumen normally used under such traffic condit-
ions. This is in anticipation of not allowing a zero voids condition
to develop.
The above discussion justifies the avoidance of the use of voids
in stability design and the working out of a design procedure based on
kneading-compaction density and a good stability test.
Soils Investigations
Several studies have been conducted with soils which are helpful
in explaining some of the results obtained with bituminous mixtures.
A similar effort to reproduce field conditions has been undertaken for
soils as for bituminous mixtures. Kneading compaction seems to be the
most desirable type of compaction and several devices have been used
including the kneading compactor developed by the Triaxial Institute
and a miniature kneading compaction device which has been developed at
Harvard University.
Seed and Monismith (4) report that in their work with kneading acn-
paction that for a given degree of saturation in a soil, stability al-
ways increases with increasing density. Therefore, design of pavement
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subgrades is generally for highest practical density. However, they
state that there is considerable evidence available, both in the field
and laboratory, to indicate that maximum strength and maximum density
of a soil are not necessarily attained at the same time. It is only
for partially saturated soile that increased density may have a deleter-
ious effect on stability. Foster (11) explains this phenomena as fol-
lows t
The decrease in strength above certain conditions of
density in both the laboratory and field tests is believed
caused by the development of pressure in the void phase
of the soil structure. As long as the combination of
moisture and density is such that no significant pore
pressures develop, increases in strength occur with in-
creases in density. When pore pressures develop, further
increases in density produce decreases in strength.
Foster (11) further states:
The results of unconfined compressive strength tests
will also show a decrease in strength with increase in
density at high densities. Triaxial test results will
show this behavior if the deviator stress at a low per-
centage of strain is used; they do not show this behavior
if the maximum or ultimate value of the deviator stress
is used.
,
Thus, the results depend on the stability criterion which is a-
dopted. For large permissible strains it would be expected that sta-
bility would increase with density. For measurements made by the Hveem
Stabilometer, the permissible strain is low and a density increase at a
given water content may cause a decrease in stability depending on the
range of densities and the water content of the soil involved.
The effects of traffic on pavement soils as compared to the effects
on the bituminous surface is believed to be one of the main indications
of the different functions served by the two materials. It is generally
accepted that soils are not usually densified or activated by traffic to
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any groat extent because of their position under the bituminous surface
in a pavement.
Marshall and Triaxial Versus Hveera
p
There are numerous methods available for measuring the strength
of bituminous mixtures, but not all of these methods have found wide
acceptance in bituminous design work. The Marshall method is employed
by many state highway departments and the triaxial method has found
wide acceptance as a research tool. Since the Hveem Stabilometer is be-
lieved by many engineers to be a type of "closed system" triaxial test,
and since it is used in Indiana both by the State Highway Department
to develop design information and by the Joint Highway Research Project
as a research tool, the advantages and disadvantages of the Hveem met-
hod are compared with the triaxial and Marshall design methods.
Of the many mechanical stability tests available, few make any at-
tempt to simulate conditions imposed by traffic on a road surface. Most
tests consist of applying some kind of stress to a test piece and meas-
uring the resulting deformation. The manner in which this stress is ap-
plied is of primary importance. Stevens (46) states:
A test method which subjects a s <*cimen to rapid
loading will bring into play the full viscous resistance
of the asphalt to rapid deformation. iioh a test method
will correspond to the rapid-moving t *f fie load condition
in the field, but on the other hand i will not give a
true indication of the ability of the mix to withstand
slow or static loading.
It is commonly accepted that bituminous mixtures tested at 140°F
represent a critical field oondition. Stevens (48) writes: "If a lab-
oratory 8peciemen is tested at room temperatures there will be a tenden-
cy for the asphalt to influence the stability results by giving higher
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readings than would be characteristic of a road during hot weather."
In judging the ability of a paving mix to be stable within itself,
Stevens believed that the "principle issues are how much of the load
will it transmit vertically to the oourse below it, ^uid how much of the
load will it transmit laterally, thus tending to shoving, rutting and
upheaving."
In conclusion Stevens comments that once a standard has been set
for a laboratory test by testing it against several known good and poor
pavements, "a relatively dependable tool has been developed for that
general class of conditions."
However, even after a suitable test method has been adopted there
is the problem of deciding whether to design for the moving load con-
dition, or for the more severe static-load condition. In the latter
case the viscous resistance of the asphalt could be considered as an
added factor of safety although it is believed to be quite small in a
static-load situation.
The Marshall test uses a maximum load design criteria with com-
pensation for the deformation of the sample by a "flow" value. The test
is termed a reverse compression test in which a lateral load is applied
to a specimen that is free to flow axially.
Endersby and Vallerga (10) report that the flow curve when inverted
would parallel the Stabiloraeter curve. This implies that the flow value
is probably more indicative of stability than the measured load on a
test specimen. It is generally believed that the Marshall strength
value is a better measure of cohesion than of stability of a mixture.
It has been shown that the Marshall stability curve closely resembles
the Hveem Cohesiometer curve (10, 51). Thus, density and cohesion are
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more closely related than density and stability. End'iraby and Vallerga
(10) have correlated Marshall and Hveem stability measures by using
specimens oompacted with a kneading compactor for both tests. The U3e
of a single compaction method assists materially in evaluating results
obtained by different test methods.
The Marshall method will consistently show a higher optimum asphalt
content than the Hveem method indicating that the Marshall Test is more
a measure of cohesion than the Hveem stability test. The value obtain-
ed for optimum asphalt content by the Marshall Test is commonly near
the optimum obtained by the Hveem Cohesiometer . The practical use of
a higher asphalt content results in a higher tensile strength but pro-
blems of excess flexibility in the pavement develop. Regarding this
Stanton and Hveem (44) write:
The fact that mixtures of very low tensile strength
can and do remain smooth under traffic, and also that
mixtures of quite high tensile strength have been known
to become waved and rutted, is proof that high tensile
strength is not essential for resistance to the distort-
ing effects of vehicles.
The triaxial test is conducted at room temperature and under a
static loading. To simulate field conditions this seems to be an er-
roneous approach, but such limitations are necessary to measure the de-
sired test properties of cohesion and internal angle of friction. Since
the triaxial test allows means for carefully controlling and measuring
a number of variables, it has been most attractive to those interested
in theoretical studies and in investigations of basic principles. The
use of a rational test specimen is a strong argument in favor of this
method.
The primary disadvantage with the test is the time involved.
25
Smith (43) reports a period of approximately two hours as beinp, required
to test each specimen. For routine laboratory testing this is not at
all feasible.
The importance of the triaxial test is presented by Neppe (34) as
follows:
It is universally agreed that triaxial methods
hold the greatest promise for the development of ra-
tional design data. Owing to their complexity, however,
efforts are at present being directed at simplification
without destroying the fundamental character of the
tests. The aim is to establish reliable data, within
reasonable tolerances, which can adequately be correlated
with service behaviour and which may then be applied
with confidence, empirically or otherwise, to the
straight- forward solution of outstanding problems.
A west coast organization known as "The Triaxial Institute" studied
the possibilities of developing, standardizing and promoting the prin-
ciples involved in the triaxial test procedure. Vallerga (53) reports
that the Institute went on record, as of 1953, as endorsing and recom-
mending the use of the Hveem Stabilometer for strength testing of bi-
tuminous mixtures, provided that test specimens are prepared by an ap-
proved kneading-type compaction. Thus, the kneading compactor is an
integral part of the Hveem method and this manner of specimen preparat-
ion is implied when speaking of Stabilometer specimens.
The test measures the total shearing resistance of the specimen,
which is a fundamental physical property. All physical factors which
are considered to be influential in affecting pavement performance are
taken into account. As performed, the test is influenced only slightly
by the portion of the total resistance due to cohesion.
Zube (55) reports that stability values fall very rapidly beycnd
a certain limit which is believed to be the result of complete saturat-
26
ion of the aggregate voids with asphalt. Specifying a lower asphalt
content has been good practice to allow some latitude for construction
variations. Most currently used design methods tend to recoramend the use
of too much asphalt, as indicated by actual field performance.
The Hveem method generally necessitates consideration of an opti-
mum asphalt content obtained in the Hveem Cohesiometer test which will
invariably be higher than the Stabilometer optimum. However, the pre-
vious discussion presents substantial evidence that cohesion is not a
serious problem in the range we are working in and more suitable asphalt
contents will likely be indicated by the Stabilometer test.
Hveem and Davis (24) point out the speed and simplicity of the
test method are its greatest advantages. The test also readily adopts
itself to testing cored specimens, providing a most satisfactory cor-
relation arrangement.
The test utilizes many of the principles of the triaxial test with
its widest deviation being the sample size. The specimen height used
in the Stabilometer has been selected to reasonably correspond to a ty-
pical thickness of bituminous surfacing. Concerning specimen heights,
McCarty (28) presented the following criteria:
Thus, while it is not correct to base the design
of comparatively thick base courses on results from a
Hveem Stabilometer test on the small Hveem specimen with-
out applying a height correction derived experimentally
or from theory, if possible, for the relatively great
difference in structural strength, neither is it correct
to apply uncorrected results from the test on a tall
specimen in the design of thin bituminous-3urface courses.
Hveem and Davis (24) are of the opinion that there is no reason to
believe that a series of materials in a range of high to low stability
would differ any in relative classification whether tested in the Sta-
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bilometer or a triaxial device using standard teBt sizes for each met-
hod. This idea is somewhat verified by Hannan (18) in the following
conclusion:
Stabilometer tests on the open-graded mixture A
gave strain measurements very near to those required to
develop the mix's maximum shearing resistance in a ration-
al triaxial compression test of the same mixture conduct-
ed at confining pressures similar to those which occur
in a Stabilometer test.
Hveem and Davis (24) contend that bituminous pavements may be bet-
ter classified in terms of their ability to resist deformation than by
any other known means. They justify this by stating:
...Because roughness and corrugation of flexible
pavements may develop before failure (in the sense of
complete rupture) has occurred, there appears to be
considerable justification for expressing resistance
in the working range, regardless of forces required to
produce ultimate disruption. This concept is being a-
dopted by the California Division of Highways at the
present time.
An outstanding feature of the Stabilometer method is that it has
been in use for more than twenty-five years and much information is a-
vailable to demonstrate the high degree of correlation between test re-
sults and known performance under motor vehicle traffic. Hveem and Val-
lerga (25) concluded that there is a high degree of correlation between
Stabilometer results and pavement performance and little correlation
between Stabilometer results and the density of the mixture except that
the Stabilometer results are invariably low when the void spaces are
filled or nearly filled with asphalt. This implies that the material
under test is placed in a stress and strain condition simulating that
which would occur in the road.
The test is conducted at a fixed rate of strain (0.35 inches per
minute) to a maximum loading of 460 psi. The procedure calls for curing
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of samples before compaction since the extent of curing will greatly
influence test results when load is applied at a fixed strain rate.
The lateral stress at a vertical load of 400 psi is recorded and used
in the stability calculation. This load is assumed to reasonably re-
present stresses developed by truck traffic when impact is recognized
in addition to static load. McCarty (28) reports a static load of 100
psi to be the maximum ever achieved under actual traffic and contends
that the 400 psi reading will provide a safety factor of about four.
Goets, McLaughlin and Wood (16) present disagreement with McCarty since
their tests indicate desirable confining pressures to be as high as 200
psi for Indiana-type mixtures. These results are based on thin speci-
mens as the material is laid in the field. They generally concluded
that the required confining pressure to produce a compressive strength
equal to that developed by a thin layer of the mixture is equal to or
greater than the unconfined compressive strength of the mixture.
The magnitude of the transmitted pressure in the Stabilcmeter is an
inverse measure of the specimen stability. The air content has a criti-
cal effect on test results and an attempt is made to control this vari-
able with a "displacement" measurement. Hveem adopted an initial dis-
placement of two turns since test results were impaired considerably
when lower values were used.
During the test the specimen becomes an integral part of the Sta-
bilcmeter system and surface voids and air in the system will influence
the lateral displacement required to develop a given pressure.
The entire Stabilometer procedure is empirical and this presents
several drawbacks. It is dangerous to extrapolate test results to cover
conditions beyond those established and it is difficult to avoid either
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overdesign or underdesign. Overdesign or underdesign has been greatly
reduced since the stability equation has been modified from a linear
relationship between vertical pressure and transmitted pressure to a
hyperbolic relationship. A wider range of acceptable stability values
is possible when the following equation is used for calculating strength
values rather than the linear relationship applied in early Stabilor.eter
design work in California.
22.2
PhD
where S = Hveem stability
Pv= Vertical pressures 400 psi
Pu = Lateral pressure corresponding to P = 400 psi
(Stabilometer reading in psi)
D = Displacement value of pump required to increase
lateral pressure from 5 psi to 100 psi while the
specimen is being restrained from vertical move-
ment.
The speed of testing, ease of operation, ease of adaptation to test-
ing pavement cores and correlation information available provide an un-
matched tool in the Stabilometer for strength testing of bituminous mix-
tures.
PURPOSE AND SCOPE OF THE INVESTIGATION
This study was undertaken with the intention of indicating a suit-
able Hveem design procedure to be employed in the design of Indiana bi-
tuminous mixtures under heavy traffic conditions. The study was two-
fold in purpose:
1. To study the validity of using the present Hveem design method,
as employed by the California Highway Division, for design of Indiana
surface and binder mixtures as described in the State Highway Department
of Indiana Specification Manual (45).
2. If some modification of the standard California procedure was
indicated by step 1) as being desirable for Indiana surface and binder
mixtures, the laboratory compaction pressure was altered until test re-
sults for field and laboratory specimens were in substantial agreement.
The study required sampling of bituminous pavements and performing
a laboratory correlation. A mechanical kneading compactor was used for
fabricating laboratory specimens to a density comparable to density re-
sults for cored specimens taken from the pavements. The Hveem Stabilo-
meter was used for measuring the strength of both the field and labor-
atory specimens.
In evaluating the laboratory test results presented in this study
it is important to view the data as an attempt to simulate the field
condition of the pavement after five years of service by varying the
kneading compaction intensity, and, in a few cases, the number of knead-
ing tamps. No attempt is made to establish the most suitable asphalt
'V 1
content by the Hveem design procedure since, in order to reproduce '
the field properties of the mixtures, set a3phalt contents and gradations
are used which were established by tests on the field mixtures. The
primary intention of this study was to simulate specific field conditions
using a fixed mixture in the laboratory for each of four ap 'rebate ^-Ni-
dations .
MATERIALS
Specification limits for the aggregate gradations and mixture as-
phalt contents used in this study can be found in the specifications of
the State highway Department of Indiana for hot Asrhaltic Concrete ^46;.
A description of the materials and presentation of test results for
these materials are included in the following discussion.
Mineral Aggregate
In order to simulate the composition of the mixtures in service,
construction record sheets on file in the Materials Laboratory of the
Indiana Highway Department were reviewed in detail for each of the three
contracts involved in this study. Table 2 records the source and size
of the aggregate material for both binder and surface layers used for
each contract. It will be noted that all of the coarse aggregate is
crushed limestone, with the size variation from No. 11 in the surface
to No. 9 or No. 8 in the binder.
Table 2 shows that several of the mixtures are identical with re .
to size and source of aggregate and, therefore, it was decided t reduce
the original six possible mixtures to four separate nix types for labor-
atory work, as shown in Table 3. This involved eliminating the McCock
source of coarse aggregate and substituting Thornt in Material , which
seems justified since both the Thornton and McCook material are ^iia^ara
limestone from the Silurian geologic are. Thornton and k .ire lo-
cated about twenty miles apart in the Valparaiso moraine country
northeast Illinois. Thus, the aggregate materials used in this study
Table 2
Sizes and Sources of Aggregates Used in Construction Projects













No. 17 natural sand
No. 11 crushed limestone
No. 16 limestone filler
No. 17 crushed limestone send
No. 8 crushed limestone
No. 17 crushed limestone sand
No. 11 crushed limestone
No. 17 crushed limestone sand
No. 8 crushed limestone
No. 17 natural sand
No. 11 crushed limestone
No. 16 lirestone filler
No. 17 natural sand
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were obtained from two sources: the natural sand was obtained from the
Ellchart Sand and Gravel Company of Klkhart, Indiana, and the crushed
limestone was obtained from the Materials Service Company of Thornton,
Illinois. The mineral filler also was obtained from the Materials Ser-
vice Company. Table
.3, then, presents the materials and sources that
ware chosen for use in the laboratory phase of this study. Physical
properties of the aggregate used for each mixture are recorded in Table 4,
The gradation of the aggregate for each mixture was the average
of at least three gradations from asphalt-oxtracted samples taken at the
plant during the time of construction. This information was made avail-
able through the Materials Laboratory of the Indiana Highway Department
on daily report sheets. These samples were taken as the hauling trucks
left the plant, usually as they passed over the weighing scales. The
asphalt was extracted, and the aggregate from the sample was passed
through a standard nest of sieves at the materials laboratory.
The average gradations obtained in this manner are presented in
Tables 5 and 6 for the surface and binder courses, respectively. In
Table 5 the laboratory gradations identified as Gradations A and B were
chosen to correspond to the average gradations obtained for highways 41
and 12, respectively. In Table 6, corresponding binder gradations have
been designated as Gradations C and D. Highway 20 gradations were not
duplicated in the laboratory for two reasons: 1) the gradations for
highway 20 check closely with one or the other of the highway 12 and 41
gradations, and 2) highways 20 and 41 represent similar non-channelized
traffic flow conditions. A visual study of the traffic volume and type
of vehicles on each highway indicated similar conditions between high-
ways 12 and 41. Also, volume counts in 1957 reveal nearly the same nun-
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Table 4
Physical Properties of Abrogates (a)
Property Gradation
A B c D
Bulk Sp Gr (CA) 2.59 2.63 2.56 2.56
Apparent Sp Gr (CA) 2.72 2.71 2.70 2.70
Percent Absorption (CA) 1.56 2.01 2.05 2.05
Bulk Sp Gr (FA) 2.70 2.56 2.67 2.48
Apparent Sp Gr (FA) 2.77 2.60 2.78 2.59
Percent Absorption (FA) 0.98 0.97 1.46 1.12
Filler Sp Gr 2.72
CKE, percent 3.4 1.9 4.0 1.9
OE, percent 3.5 3.5 3.9 3.2
Surface Area, sq ft/lb 28.5 17.9 24.7 10.4
Optimum Asphalt Content (percent
by aggregate weight) 5.8(b) 5.5(b) 5.3(b) 5.9(b)
(a) Refer to Appendix E for complete test results.
(b) Extrapolation was necessary to determine these results from the
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bar of vehicles daily on these two highways.
Thus, Gradations A and C correspond to the surface and binder ma-
terial in highway 41 and Gradations B and D correspond to the surface
and binder material in highway 12. These gradings are illustrated gra-
phically in Figures 1 and 2. It will be noticed that, to the nearest
whole percent, these gradations are within specification limits for all
sieve sizes with the exception of the minus No. 200 material for mix-
tures A and C. Tables 5 and 6 and Figure 1 show gradings A and C, which
are surface and binder gradations, respectively, containing a higher per-
centage of minus No. 100 and No. 200 sieve material than Gradations B
and D, surface and binder gradings, respectively, as shown in Tables 5
and 6 and Figure 2. Gradations A and C are composed entirely of crushed
limestone and Gradations B and D are composed of crushed-limestone coarse
aggregate with natural sand fine aggregate.
Bituminous Material
The asphalt used in preparing all laboratory specimens for this
study was a 60-70 penetration grade asphalt cement furnished by the Texa-
co Company from their Port Neches, Texas refinery.
Table 7 records the physical properties of this asphalt and Table 3
lists the asphalt content for each mixture. Asphalt contents were deter-
mined by an average of three extraction results on samples from each
pavement after five years of service. The three samples for each pave-
ment were taken from each of three sections: one each at the intersect-
ion, 500 feet before the intersection, and 1000 feet before the inter-
section. All three samples were from the inside wheeltrack position.
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Physical Properties of Asphalt Cement
Test :<e3ult
Specific Gravity at 77°F 1.036
Softening Point, Ring and Ball, °F 124
Ductility at 77°F, 5 cm/nin, cm 20. +
Penetration, 100 grams, 5 sec, 77°F 66
Penetration, 200 grams, 60 sec, 32°F 17
Loss on Heating, 50 grams, 5 hr, 325°F, percent 0.01
Penetration of Residue, percent of original 89
Flash Point, Cleveland Open Cup, °F 595
Solubility in CCL4, percent 99.94
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chosen asphalt contents for gradings A and C correspond to highway 41
and the asphalt contents for grading B and D correspond to hifhway 12,
Also, all asphalt contents are seen to be within specified limits, ex-




The primary purpose of this section is to present the procedures
used for handling and testing of both field and laboratory specimens.
Detailed procedures for the various tests performed can be found readi-
ly in the literature. Reference to these procedures is made appropri-
ately throughout the following discussion.
Field Procedures
Field operation procedures, and a description of the sampling lo-
cations are presented under this heading. The three highway resurfacings
studied in this investigation were constructed in 1954 following In-
diana specifications in use at that time. Four samplings of these pave-
ments over a five year period have resulted in the data presented in
Appendices D and E,
These pavement sections were selected for this investigation be-
cause they have been sampled periodically since their construction and
because they represent a variety of heavy traffic conditions. These
are Indiana AH resurface pavements consisting of an Indiana AH type E
surface on an Indiana AH binder as described in the Indiana specificat-
ions 1,48). Details of these pavements follow.
Sampling Locations
The locations and boundaries of the three pavements studied are
shown in Figure 3. The sections on U. S. 12 and U. S. 41 extend over
a continuous length of 1.3 miles, for each highway, and the section
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FIG. 3 CALUMET AREA - SAMPLING LOCATIONS
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length on U. S. 20 is 2.0 miles.
Figure 38 and Table 23 of Appendix D present the general coring
pattern and description of the location for each sample section, re-
spectively. Samples were taken for similar conditions of traffic on
p
each pavement. Three positions were selected at approximately 500 foot
intervals for each pavement and, in each case, one section was selected
at a traffic-signal intersection. The lane carrying the heaviest traf-
fic for each pavement was selected for sampling. For U. S. 2j and
U. S. 41 all samples were taken from the center lane, eastbound and
northbound, respectively, and all samples for U. S. 12 were taken in
the southbound, outside-traffic lane. Subsequent samples over the five-
year period were taken as close to previous samples as reasonably pos-
sible in order that reliable data could be obtained for several years




S. 41 traffic-signal intersection, show typical coring patterns.
Pavement Performance Studies
Detailed studies performance were made over the entire length
of each pavement location with particular emphasis on the pavement per-
formance in sparling areas. For the most part, these studies were con-
ducted immediately after the 195^ samples were obtained. Since the
general coring lot-.
. jns had been pre-determined by earlier studies,
it did not matter if performance studies were conducted before or after
samples were taken. Photographs of the pavements shown in this section
were taken during the summer of 1960, approximately six years after con-
struction and one year after the last pavement sampling.








































(a) 1960 traffic data show approximately 20 per cent truck traffic for
each of these highways.
4
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volume to which each pavenent is subjected. The traffic conditions on
U. S. 20 and U. S. 41 are very similar: high-volume with a posted
speed limit of 30 mph (12,000 vehicles daily for both directions on
U. S. 20 and 7,000 vehicles daily in the northbound lanes on U. S. 41).
U. S. 12 carries much higher traffic (15,000 vehicles dailv in the
southbound lanes) with a posted speed limit of 30 mph. The percentage
of trucks on each highway is about 20 per cent or approximately 2,400
trucks in both directions for U. S. 20 per day, 1,400 in the northbound
lanes for U. S. 41, and 3,200 in the southbound lanes for U. S. 12.
Traffic on U. S. 20 and U. S. 41 is non-channelized in type as illustrat-
ed by Figures 4 and 5. The traffic on U. S. 12 is channelized into
three lanes in each direction, as shown in Figure 6.
The traffic-signal intersections from which samples were taken for
each pavement are shown in Figures 7, 8 and 9 for U. S. 20, U. S. 41
and U. S. 12, respectively. A general indication of the traffic volume
and conditions of traffic are shown by these figures along with a
general view of pavement performance at the three intersections. Fig-
ure 10 shows that no apparent rutting has occurred in the U. S. 20
pavement under the most severe traffic conditions in the sampled area.
The rutting condition of the U. S. 41 pavement was found to be very
similar to the U. S. 20 condition. The only severe rutting and shoving
problem is on U. S. 12 at the intersection with U. S. 41. This con-
dition is shown in Figure 11. Here rutting was found to be most serious
in the outside- traffic lane and averaged about 3/4-in. after five years
of service over a length of 250 feet approaching the intersection.
Rutting, throughout the remaining length of the three pavements did not




































































































































































Reflection cracks occur over all three pavements. They are moat
predominant on U. S. 12 and occur least frequently on U. S. 20.
Sampling Operations
The samples in 1954, 1955 and 1957 were obtained by using a 4-in.
inside diameter drill and Carborundum abrasive was used to aid in the
drilling process. The equipment used for obtaining cores in 1959 is
pictured in Figure 12. A 4-in. inside diameter drill with a diamond
bit was used for drilling. This bit cut a depth of about 1-in. for
each minute of operation when cutting samples from the three pavements
studied. Figure 13 shows the core height variation on U. S. 12. The
variation at this location was more extreme than for the other two
pavements studied.
For the first three samplings a total of eighteen samples were
taken from each pavement for each sampling. Six samples were taken
from each section, three in the wheeltrack position and three between
wheeltracks. The number of samples was increased to fifty- four for the
1959 sampling since more laboratory tests were to be performed for the
1959 sampling than for the earlier samplings. Eighteen cores were
taken at each of the three sections in the pattern shown in Figures 4
and 8. Of these eighteen samples, nine were taken in the inside-wheel-
track position and nine were taken between wheeltracks.
The 1959 samples were obtained under hot and humid weather conditions
and some difficulty was encountered with asphalt adhering to the drill.
This was greatly counter-acted by the use of a soap solution in the
water being used as a drilling aid.














FIG. 13 CORE HEIGHT VARIATION - U.S. 12
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and placed on a firm and level surface of the truck floor-bed for trans-
portation to the laboratory.
Laboratory Procedures
The test procedures employed in the testing program for the field
samples is presented in the first part of this section. This is fol-
lowed by a discussion of the fabricating method and test procedures
employed for specimens prepared in the laboratory.
Field Specimens
Density and Marshall tests were performed on the composite samoles
taken in 1S59 for comparison with results from the earlier samplings.
Twelve samples from each section, or six from each position, were used
for these tests. Three composite samples from each position were used
for Marshall tests and another three composite samples from each posi-
tion were used for Hveem stability tests. The remaining three samples
from each position were used for individual-course tests. These tests
required separation of the surface and binder by use of a masonry saw.
Figure 14 shows a special jig which was used to obtain proper horizontal
and vertical alignment of the core to produce a cut parallel to the
surface of the core.
Specimen Preparation
. Before performing any tests it was neces-
sary to allow the samples to reach and maintain a constant weight since
they had absorbed water from the sampling operation. Three days was
found to be sufficient time for this drying process at room temperature.
During this time each sample was cleaned of foreign material and the
composite height of each core was measured. This height was taken as an
62
FIG. 14 JIG USED TO HOLD CORES FOR CUTTING
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average of five readings using a special measuring device obtained
from the Materials Section of the Indiana State Highway Department.
The four specimen types prepared for testing in this study are shown
by the typical specimens in Figure 15. The specimens shown have been
prepared for the Stabilometer test.
Composite-Sample Tests
. Composite-sample tests were performed in
the following sequence:
1. Bulk density tests on six samples from each section or three
samples from each position.
2. Marshall stability tests on all samples for which composite
density values were obtained.
3. Rice specific gravity tests on two samples from each section
or one sample from each position. (Previously used for Marshall tests).
4. Hveem stability tests on six samples from each section or
three samples from each position.
Bulk density values were determined by the water displacement
method, and in the usual manner, except that the samples were submerged
in water approximately l-l/2 hours to reduce the rate of absorption
when obtaining a submerged weight of the sample.
Since the Marshall stability tests were performed on the specimen
as-cored, the sample heights varied over a wide range. This necessitated
the use of correction factors to obtain the corrected stability and flow
for each specimen. For this purpose, the curves shown in Figure 16 were
employed. Otherwise, the Marshall procedure followed the standard meth-
od as described by Marshall (27).


























































































density of the composite-sample mix. This value was u«ed to calculate
the percent voids in the total mixture. The procedure is described in
detail by Rice (39) and the procedure generally followed for this study
is presented in Bulletin 105 of the Highway Research Eoard ^5). An
addition to the usual test procedure was necessary since the coring op-
eration produced a specimen in which all of the aggregate was not coat-
ed with asphalt. This consisted of determining the amount of moisture
absorbed by the uncoated aggregate during submergence by fan-drying the
loose sample until it reached a constant-weight condition.
The samples tested for Hveem stability were first cut to a uniform
height of 2.5 in. and allowed to dry to a constant weight before test-
ing. Several samples from U. S. 12 and U. S. 20 were less than the
minimum allowable height of 2.2 in. and no Hveem stability values were
obtained for these. Each sample, to be tested, was placed in a circu-
lating-air oven, controlled at a temperature of 140°F, for at least one
hour prior to testing immediately after removal from the oven. This
oven is shown in Figure 17.
Hveem stability tests were conducted according to the normal pro-
cedure as outlined in the California Manual (47) or the Asphalt Insti-
tute Design Manual (49).
Individual -Course Tests . One-third of the total samples, or three
samples from each position, were available for individual-course tests.
The surface and binder layers were separated by cutting at the interface
with a masonry saw using a diamond blade. The in-service height of each
layer was determined and laboratory tests were performed in the follow-
ing sequence.
6 7
FIG. 17 CONTROLLED -TEMPERATURE OVEN - I40°F
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1. Hveem stability tests on built-up specimens.
2. Bulk density tests on all layers used for the Hveem stability
tests plus, for the binder material, those layers not tested for Hveem
stability.
3. Rice specific gravity tests on the surface material taken from
the samples previously tested for composite-Hveem stability.
4. Percent asphalt content by extraction, for binder and surface
material from each of the three sections of each pavement, using the
built-up specimens tested for hveem stability. Plaster of Daris was
removed before testing.
5. Aggregate gradations for all samples from which asphalt was
extracted.
The Hveem stability and Rice specific gravity tests were conducted
using the same procedures as described above under Composite-Sample
Tests
.
To obtain specimens of the required height for the stability
test, it was necessary to combine three layers for a surface specimen
and two layers for the binder material, using plaster of paris as a
cementing agent between layers. The advantage of using plaster of paris
is that, because of its light color, it can be distinguished easily
from the asphalt-aggregate mixture if the cement is to be removed for
further testing of the specimen. This method restricted the data to
only one test result for each surface and binder layer in any position
and, in several cases, especially for U. S. 12, an adequate amount of
material was not available to form a specimen of the required height.
After the stability test, the layers were separated and the plaster of
paris was removed for a bulk density determination on each layer.
Six Rice specific gravity values were determined on surface ma-
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torial for sections A and C of each of the three pavements. Repre-
sentative samples were used from the wheeltrack positions only. The
reason that only six Rice density values were determined was that an
adequate amount of mix from any one position was not available to com-
pose more samples. No Rice density values were determined for the
binder layers.
The extraction procedure was that as outlined under AASHO desig-
nation T58 - 37: "Standard Method of Test for the Determination of
the Percentage of Bitumen in Bituminous Mixtures", with dust correction
modifications as discussed below.
Benzene was used as the solvent for extracting asphalt from sur-
face samples from which asphalt would be recovered. Carbon tetrachlo-
ride was used to extract asphalt from the binder material.
If the asphalt was to be recovered for further testing, the dust
correction was determined by centrifuging the entire extract solution
for a two-minute period at 2,000 rpm. The dust collected as residue
was taken as the total dust correction. The remaining dust corrections
were reported as the weight of dust settling out of the extract solution
in a twenty- four hour period.
The dried aggregate from each extraction was sieved through a
series of standard sieves by mechanical shaking for a fifteen-minute
period. The entire aggregate sample after extraction was used for each
gradation sample. Each sieve was previously weighed empty and a final
weight of sieve plus material was obtained after the sieving operation.
The weight of aggregate retained on each sieve was determined and re-
ported as the percentage retained between consecutive sieves. All dust
removed by the extraction process was assumed to be material passing the
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No. 200 sieve in the gradati-- analysis of each aggregate sample.
Testa on Recovered Aspr.alt
. Asphalt was recovered from several
surface samples using the procedure outlined by Abson (1). A total
of nine asphalt samples were recovered and each was tested for consist-
ency by penetration, softening point, and ductility using the appropri-
ate ASTM procedure for each test. The samples tested were from sections
A and C of each pavement with some duplicate tests performed on samples
from the same section and position.
Laboratory Specimens
This discussion of laboratory specimens is applicable to all spe-
cimens formed using the four gradations described in the MATERIALS
section, lest procedures employed follow the standard test methods ex-
cept for the modifications presented in the following discussion.
Aggregate and Mixture Property Tests. Representative samples of
each gradation or mixture were used to determine physical properties
of the aggregate and mixture for each of the four gradations and mix-
tures tested. Specific gravities, hcth bulk and apparent, were deter-
mined in triplicate and reported with the twenty-four hour percent
absorption. These tests were made for both fine and coarse aggregates
used in all four gradations and for the mineral filler used in frraiation
B. Standard AST!.! test procedures were followed throughout.
Other tests included determining the surface area, CKE ^Centrifuge
Kerosene Equivalent) and OE (Oil Equivalent) values for each gradation
in order to obtain an optimum asphalt content. The procedure followed
was that as outlined in the California Manual (47) using the surface
area factors presented therein for determining apgreg-jte surface areas
of each gradation.
Average specific gravity values were used to determin* . cal
maximum specific gravity values for each mixture. The effective
retical maximum specific gravity was recorded as the avera
;
bulk and apparent values and to be compared with the Rice spe-i:
gravity. The Ric^ specific gravity was reported as an average of at
least two tests and determined by the procedure tline . I -lletin
105 of the Highway Research Board (5).
Specimen Fabrication
.
The aggregate for each gradation was wash-
ed and dried after sieving into the desired fractions. Samples were
batched in a quantity that would produce a final specimen height of
2.4 in. to 2.6 in. after compaction. Ti.is was normall 11 grams af
aggregate, but the quantity varied slightly with variation in compact-
ion pressure.
Mixing of the aggregate and asphalt was accomplished by heat,
the aggregate to ?00°F and the asphalt to 275°F in a Peerless gas oven
and mixing with a Hobart electric mixer (model N-50) for a twr--d nute
period. These temperatures were chosen, rather than the temperatures
normally specified for the Kveem method, for convenience ani ease of
handling. This mixing procedure was followed for all laboratory pre-
pared samples.
The asphalt was added directly to the mixing bowl, containing the
aggregate, on a one gram direct-reading Toledo scale of 10 kg ca;
The setup is pictured in Figure 18.
After mixing the mixture was placed evenly in an 11 x 7 x l-l/2
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FIG. 18 ONE GRAM D I REC T" READI NG SCALE
in. flat-bottom pun for ourinp; in the controlled temperat ire
140°F if the mixture was to be compacted using the kneadir. pad
Samples prepared for compaction with the Marshall hammer were no1
In the latter case, the mixture was placed directly from t •
bowl into a pre-heated compaction mold. The material was compad
according; to the normal procedure outlined by Marshall (27) &nz .ens
were immediately cooled under running water for at least two minutes be-
fore beinp- extruded from the mold.
Samples to be compacted with the kneading compactor were cured for
at least fifteen hours, but normally about twenty hours, since the long-
er period was found to be more convenient. The samples were then rl^c-rrd
in the gas oven and the mixture temperature was gradually increased to
slightly above the required compaction temperature of 2?0°F. The ma-
terial was placed in a pre-heated mold in two layers while the wis
held secure in the mold-holder. Each layer was rodded twenty times in
the center and twenty times around the edge with a 1 /2 in. diameter,
bullet-nosed rod. The mold was then placed in position beneath the
compaction foot and the proper compa"tion was applied. The compaction
procedure, from this point, did not differ from that outlined in the
California Manual (47) or Asphalt Institute Design Manual (49).
outine Te3ts on laboratory Fabricated Specimens. One specimen
was compacted at each pressure with the standard spring in the knead-
ing compactor and hvee.m stability and bulk density values were obtained
for each specimen.
Specimens compacted with the old spring in the kneading compactor
were used for the following tests:
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1. Marshall stability and flow, with bulk density values deter-
mined before the strength test, on one specimen at each compaction
pressure.
2. hveem stability, with bulk density values determined a: *;er the
strength test, on three specimens at each compaction pressure.
3. Percent asphalt content by extraction and aggregate gradations
for each Hveem specimen.
The following tests were conducted on Marshall-compacted specimens:
1. Marshall stability tests on three specimens with bulk density
values determined before the strength test.
2. Hveem stability tests on three specimens with bulk density
values determined after the strength test.
3. Percent asphalt content by extraction for the thre<; "-arshall-
compacted and Marshall-tested specimens with gradations on the aggre-
gate of each specimen.
The procedure for each of the above tests has been presented
under the procedure for Field Specimens. Normally specimens were ex-
truded from the mold directly into the Stabilometer test chamber for
testing; however, in the later stages of testing, it seemed desirable
to extrude the specimen into another mold of larger diameter and, then,
place it immediately in the Stabilometer. This procedure eliminated
any possibility of damaging the Stabilometer by excessive loadir. -.
Rice specific gravity tests were made in triplicate for each fix-
ture and the results were used in the voids analysis. This test was
performed on samples immediately after nixing and before any manrer of
compaction had been applied to the mixture.
Specimen Uniformi ty . Several of the specimens compacted with the
standard spring were further tested to determine the effects of kneading
compaction on specimen uniformity. For this purpose, the four specimens
compacted with the highest pressure for each gradation were used, iach
specimen was first cut into three layers using a masonry saw. The layers
were coated with paraffin after they had been allowed to dry to a con-
stant weight at room temperature. Paraffin-coated bulk density values
were determined for each layer in the manner outlined in the Asohalt
Institute Design Manual (49).
Following the density determination one specimen in the maximum
stability range was chosen from each of the four mixtures to determine
asphalt content variation and aggregate breakdown characteristics
throughout the specimen. The paraffin coating was removed from the
three layers of each specimen and the asphalt was extracted following
the procedure described under Individual -Course Tests. After thorough
drying, the aggregate samples were sieved on a No. 6 sieve. The per-
cent asphalt content by extraction and the percent of aggregate re-
tained on the No. 6 sieve, on a total mix weight basis, were reported
for top, middle, and bottom layers of each of the four specimens.
Remolded -Sample Tests . Many of the binder and surface specimens
that had been built up and tested in the Stabilometer were recompact-
ed with the kneading compactor and tested for densi-y and Kveem stabil-
ity. In several cases, the pavement cores tested for Hveem stabili"
had been used for other tests and a sar.ple from the same section and
position was substituted.
The plaster of paris was removed from each sample to be remolded
after which the material was heated sufficiently to be broken into
individual particles. The mixture temperature was then increased
slightly aVove the required compaction temperature of 230°F to allow
for cooling while placing the material in the mold. The sample was
placed in the pre-heated mold in two layers and each layer was rodded
twenty times in the center and twenty times around the edge with a
one-half inch diameter, bullet-nosed rod. The compaction procedure,
from this point, was as outlined by the California Manual (47) or the
Asphalt Institute design Manual (49). The mechanical compactor cali-
bration, performed at the completion of this study, shows that a semi-
compaction pressure of 2^5 psi was used with a peak compaction pressure
of 595 psi for these remolded specimens.
Each specimen was placed in the controlled te-nperature oven at
140 F for at least one and one-half hour after compaction and before
testing in the Stabilometer
. These specimens were extruded directly
into the Stabilometer test cell and tested in the normal manner (47,
49).
The Fulk density of each specimen was determined after allowing
sufficient time for the specimen to maintain room temperature. The
procedure was that as outlined above under Composite-Sample Tests.
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RESULTS
In this section, the test results from this study axe presented
along with a discussion and evaluation. Summarized data are included
with graphical illustrations of trends shown by the data.
The field-specimen test results are considered first in order to
establish the requirements for design in the laboratory. Laboratory-
specimen test results are then evaluated and a design procedure is es-
tablished for each of four gradations. Comparisons of field and labor-
atory test specimens are presented to demonstrate effects of variation
in the two types of compaction.
Complete and detailed test results are presented in Appendices D
through G and, throughout this discussion, reference is made to tables
and illustrations to be found in these Appendices.
Field Specimens
Three highway sections constructed in 1954 in the vicinity of Gary,
Indiana were sampled for this investigation. The field study was con-
ducted primarily to study the change in stability and density of bitu-
minous concrete resurfacing over a period of several years while under
severe traffic conditions, and to establish a design criteria based on
these findings. For this purpose, studies have been conducted over a
period of five years, during which time four samplings have been made.
Properties of the resurfacing material were studied in relation to sam-
ple section, or distance from a traffic-signal intersection and in re-
lation to the wheel-path of traffic, for each sampling period.
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Composite-Sample Property Variation Over Five-Year Service Period
A summary of the density and Marshall data obtained on composite
samples during the five-year performance study i. presented in Table 10.
Trends indicated by these data are illustrated in Fibres 19 through 22.
Figure 19 shows property variation with service time if test results
for the three sample sections are averaged. For all practical purposes,
the density is near maximum after one year of service. It can be stated
also that Marshall stability is near maximum after one year of service
and remains nearly constant for the next four years. No relationship
is apparent between Marshall flow and service time in any case. The
comparison of test results for wheeltrack and between-wheeltrack sam-
ples in Figure 19 definitely illustrates a significant variation for the
more channelized-traffic conditions on U. S. 12 as compared to condition,
on U. S. 20 and U. S. 41. where traffic is also much lower in volume.
The maximum traffic-compacted density will vary with the type of
mixture, but these data indicate that the density increased by approxi-
mately 6 pcf above the construction density. These data show the maxi-
mum Marshall stability, in general, was about double the stability of
the mixture at the time of construction.
Figure 20 presents test results for wheeltrack samples only, show-
ing the effects of service time and sample section on the mixture pro-
perty variation. The uniformity illustrated by the D. S. 12 density
curves Justifies, to some extent, the manner of sampling employed, and
shows the uniform pattern of compaction on U. S. 12 as compared to the
zig-sag pattern obtained under non-ohannelited traffic. of lower volume.
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4each highway and that a gradual decrease in density results when moving
further away from the intersection. Both Figures 20 and 21 illustrate
this pattern.
An obvious and inconsistent variation of the 1954 test results
shown in Figure 20 was cause to eliminate these from Figure 21. These
differences are due to allowing traffic on the sections for varying
periods of time before the samples were taken. In these early stages
of service it is believed that traffic would greatly affect the mixture
density and, hence, the stability. Studies by Zube (55) led him to
state that there was no significant difference in the mixture density
after forty vehicles has crossed it. Thus, Figure 21 shows patterns
obtained by averaging data of the last three sampling periods.
Figure 21 shows there is no significant variation of flow value
with either position or section. For other properties, density and
Marshall stability, the definite difference between sections is evident.
The definite difference between positions is again apparent on U. S. 20
and U. S. 41, as before.
Figure 22 presents test results for wheeltrack samples only and
shows the effect of service time and sample section on the mixture pro-
perties. For any time after one year of service the graphs show that
the density variation between a section located at a signalized-inter-
section and a normal -traffic flow section depends on the type of mix-
ture, but 3 pcf would be common in a range of zero to 5 pcf. These data
show the Marshall stability at an intersection increased up to 150 per-
cent of the stability under more uniform traffic flow. Figure 22 pic-
tures several relationships already pointed out by previous data show-
ing the effects of service time, section, and position on the three
36
highway pavements studies. Perhaps the most significant fact shown by
the data of Figure 22 is the randomness of results for the 1954 sampling
which represents the as-constructed condition.
Composite-Sample Properties After Five Years of Service
For the 1959 sampling, after five years of service, a greater num-
ber of tests were performed on the samples than for previous samplings.
Summarized results of these tests are tabulated in Table 11 and graphi-
cal illustrations of the test property variation with sample section
are shown in Figure 23.
The Marshall test trends illustrated previously are again shown
here. Values are highest for intersection locations. Hveem stability
results do not readily show any correlation with the Marshall stability
results and positive correlation with Marshall flow is not apparent.
Also, the limited Hveem stability data do not allow a definite correlat-
ion to be established with pavement performance. However, all Hveem
stability values are less than 35, which is specified as a minimum sta-
bility in California for laboratory compacted mixtures to be subjected
to this type of high-volume traffic. A stability value of 35 seems to
be unreasonably high for field-compacted samples from these pavements
since adequate performance is indicated by far lower values. Table 11
shows a range of Hveem stability values from 12. S to 28.2 for samples
taken after five years of service from the three pavements. Only the
U. S. 41 data are complete and the results show the stability at sect-
ions B and C to be nearly the same and the stability at section A to bo
about 150 percent of the value at either section B or C . For each
section of U. S. 41 the stability is higher for between-wheeltrack sam-
Table 11
Summary of Composite-Sample Test Results
(1959 - After Five Years of Service)
Specimen Composite Marshall Marshall Hveem Bulk Percent
Identi- Height, Stability, Flow, Stability Density, Mix
fication in. lbs l/l00-in. pcf Voids
(a)
20-WA 2.33 2374 15.5 24.0 153.4 2.0
20-WB 2.26 1923 15.5 21.8 150.8 2.5
20-WC 2.69 1522 16.3 25.3 150.0 5.2
20-OA 2.08 2255 17.8 — — —
—
152.6 2.1
20-OB 2.15 1941 19.2 150.4 2.6
20-OC 2.52 1639 11.8 24.8 150.0 3.4
41-WA 2.81 2294 IS. 2 18.6 152.4 2.5
41 -WB 3.28 1539 24.1 12.8 148.2 1.7
41-WC 3.01 1725 24.3 13.3 146.8 3.6
4 1-0A 3.14 1919 21.5 22.4 151.2 2.8
41-OB 2.90 1946 23.6 14.5 149.5 2.9
41-OC 3.49 1905 31.2 15.1 146.7 4.7
12-WA 2.69 1524 16.0 13.1 153.5 1.4
12-WB 1.53 1059 17.7 --__ 152.4 0.3
12-WC 2.20 1684 16.0 151.4 2.1
12-0A 3.10 2008 12.2 26.9 152.6 2.3
12-0B 2.04 562 12.3 _--_ 146.9 5.1
12-0C 2.55 920 11.4 28.2 149.6 3.2





















SECTION- A B CA B CA B C
FIG. 23 VARIATION OF COMPOSITE - SAMPLE PROPERTIES
WITH SECTION AFTER FIVE YEARS OF SERVICE
pies by about 20 percent. Some failure is indicated at section A of
U. S. 12 where a Hveem stability of 13.1 was obtained for the wheel-
track position and a value of 26.9 was obtained for the between-wheel-
track position.
With two exceptions, void contents are lowest at intersections and
a value of about two percent appears to be common. The average void
content is about four percent under conditions of normal traffic flow.
Individual-Course Properties After Five Years of Service
Summarized test results for surface and binder samples are tabu-
lated in Table 12. A significant feature of these data is that all
Hveem stability values for the surface layers are less than 35 and
only four Hveem stability values for the binders are greater than 35.
The range of values is large for both layers, 5.4 to 34.8 for the sur-
face and 15.2 to 48.7 for the binder.
Figure 24 illustrates the variation of density and Hveem stability
with sample section for each layer after five years of service. The
surface density is nearly the same for the two positions at any section
of each pavement. The binder density, however, varies with position
and does so more for conditions of non-channelized traffic, as on U. S.
20 and U. S. 41, than for the U. S. 12 condition.
In evaluating these results it is important to consider that they
were obtained from thin layers, especially for the surface, and that
these layers were used to build up specimens for the Hveem stability
tests. Nearly all of the density results reported for individual
courses were obtained after the Stabilometer test was performed. A
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FIG. 24 HVEEM PROPERTY VARIATIONS WITH SECTION
FOR INDIVIDUAL LAYERS AFTER FIVE YEARS
OF SERVICE
Athese mixtures was not affected by the Stabilometer test and the density,
therefore, can be obtained either before or after the stability test.
Statistical calculations are shown in Appendix H.
Table 12 shows that the maximum percentage of mix voids in the
surface is two percent and an average of only slightly over one per-
cent is indicated. Some of the percent mix retained on the No. 6
sieve results, for binder material, are slightly below specification
limits, but this is probably due to cutting the aggregate while coring
or by sawing in the laboratory. The binder asphalt content for each
pavement is above the mix design value of five percent. This implies
that asphalt is possibly being forced from the surface into the less-
dense binder as traffic continues to densify the resurface pavement.
This trend is more clearly presented in Table 13, particularly for the
1959 data, and indicates this effect becomes more pronounced with time.
Further evidence of this increase in asphalt content in the less dense
area of each specimen was given by test results on laboratory compacted
specimens. Figure 29 illustrates this phenomena. It is thought that
this condition is only present as long as the void content of the bot-
tom portion of the sample is high as in an open-type mix. Otherwise,
it seems likely that excess asphalt would find an easier path to the
surface and cause a flushing action.
Table 14 summarises the aggregate gradations obtained after a five-
year period of service and compares these with the original design gra-
dations. The aggregate breakage, which is strongly apparent in the
maximum size for the binder, is probably due to initial compaction.
Another significant feature of these data is the obvious increase in











o en r-l O CO ^ to cd
in inS3
a





a m I i 1 1 I i
c CD I i 1 1 1 i







K inH CD «* <£> to <o






O © to in to in to in








•H W in t- CM f- CO l-H









c_> LO cm o CD C-- CD CM
cd • • • • • •





< s C- CM i-t to CD i-(
• • • • • •





to CD O o o o o© • • • • • •Q to m • t> m c- in
o © a
o u o u o u
u © © as © at <d
© Cm XI Cm Tl Cm X)
!>> u a t. a u a
OS 3 -rl 3 -rl 3 -HJ oo £> in x oo X
>>
d
*X O O r-t i-l CM CM










e CO +> oo a
•iH co a> a c- >
r-l a © p in i-t
CD Cm
a O w V r-l
a
Lj
(X -P £ Oa -p












3 Cm35 .—1 b0
a -h a © Od X, at M d
o
-P X) a a
• > 00 b0
xf Ch £ t-t a a a














© -p a L. -H "§u IS J>t OD
i-i at CX a a
9,+J 3 • S- COP e P i-H -P a i-i -p
s dd o a> d a c© o -p a > 9 a ao r-l E s co 3 6
u t. 3 -P £ a a r-l ©
e <D 00 L. o b. i-i a >
a, p a a a a o. &> a
Cm S- & u a, tx
at a 3 x
•
-P C X MUXp >5 CO • o a u
c i-i a >» a a a w a
a © +3 a d co U O
o -p £ o a
u at d X •H L. x • u,
a •h a hO -P O Em -P O
<x T5 > •H i-l Cm •rl Cm
0) t> rc 0]
• C 00S "• O co
to 5 S> at p- d oo CD C
• •H
§
o d a- oo O M 1-1 O i-l




d U CD •rl 3 e
a l-H C M -P CO oo o eb Q. U l-t o *
a) X >> a a> (X CD
X
-P X> cd a -p a
& •i-l •£ u -* = -a <« +> * X o a x
•H o
S
i -p a a -p
ca a d M ©
a £ t> l-H CD i-H •P t» rl
XI • -P bC cu a i-i i-i a i-ip at 3 * 9 Du aS- c -P t. a) a
o V at o X « g x © E
Cm o > +> x 5 * x o
u d a M -P M
to I a P E <M a «hp
at 3
a o O Cm
•H M 00 LOO
6 p X) Cm a Cm a
•H to a a l-H 00 .-I




•P a a o a -h a
a a ^ 3 Cm S to S -P co© u i-i M •rt
-p a) to a! V m X oo XI X
a » > a a> -P a d -p
o
o & r-l oo UV r-l O i-lsx o >
•H 6 oo +J c
-P a at a 10 5 00 3 CO CO
i-l a a> -P a oo -P co a -p
a) T> +> r-l i-HX * x C- 3 cd a 3
(X t- m o M in oo m © co
p cd a o cr> €> CD t. ®



















































0) CO m o tO o •* Tf en en co en f- r-t CO CO T»< e- o
(>
«
• • • • • • • • • • • • • • • • • •
CM H CO en o Jj en en s, O CO CO c- co *r to en n> O o










t>0 CM en co 00 * r-t CO CO CO i-H t- * t~ lOO IO «f to
-H • • • • • • • • • • • • • • • • • •






O o 0> r-l rH O cn cn LO CO O CO ^J< lO LO t- CO CM CO
ID t» • • • • • • • • • • • • • • • • • •












t>0 a) CO LO CO i-H CO r-l r-l CO CO © LO t- CO O C- f- i-i iO to
•H «M • • • • • • • • • -3 • • • • • • • • •
Li Li o CO CO Tf O CO * to to c r-l CO i-H CM CO C tO CM lO
o 3
CO







a) CO CM O to >* CM to CO CO lO O en c- io to co rH rf
> • • • • • • • • •
o •H t- t- o 2 CO O LO rH T}> CO CO rH CM X) CM CO CO CO










h0 lo CM lO to r-t CO lO CO t- co cn ** cn qo -o to CO CO
•H • • • • • • • • • • • • • • • • • •
If cn cn cn •>? LO to to O CM —i CO rH rH CO rH tO CM tO
o to CM - .M rH
X)
© • 8 o
• O O
C c (O O o a co O C o
o •H •H * CO cc r-l LO <-< CM h *r CO CO |H LO rH CM
M a)
•H •P ^CO




a; to 55 55 z 55 55 5s 55 1 i-H 55 55 55 55 55 55 55 1
W) • • o o • o o




•h *< cc CO rH lO r-l CM • -H
a
•rt CM
Tj" CO 00 r-t lO rH CM
© \ o o O O a o o \. O O O o o O O

































i 03 03 r-l
-p P P r—






c -P L, —
•H 03 O c





-H H ©M Cm -m 4->
a) c
a) O T) a!
u P r—P E P.
r-l © O
CD 4) L ©
7 u c~ c£ -C p
* P c
® +J
B C-i J< ©2 O d
+> •P c
© 1
c bw 03 ^vH © C r
u o -P
c © f-l
c > -p ©






e H C —
s c a.
X o © r"


















each pavement. This is probably due to initial compaction and traffic,
and possibly, to mixing.
A discussion and evaluation of some of the aggregate degradation
phenomena in pavements and under kneading compaction is presented ir.
another section.
Service Requirements
The complete field results of this investigation have been reduced
to the final summaries appearing in Tables 15 and 16. They are labeled
as "service requirements" because they are viewed as the test values
required for the service that resulted in each case. The values in
these tables were obtained by averaging only wheeltrack-sample test
results for the three sections sampled since the type of service imposed
on the wheeltrack is thought to be a more severe condition from the
standpoint of stability requirements than the service condition to
which the areas between wheeltracks are subjected.
The most desirable approach to establish a laboratory design pro-
cedure based on service requirements would be to consider the varying
effects of traffic at sections A, B and C. However, the data obtained
by this investigation are not thought to be extensive enough for each
section to assign required test values for each traffic condition in-
volved. Considering the Stabilometer test speed as representing the
field condition where traffic is moving slowly over the pavement, this
condition is best represented at some point between the end of normal-
traffic flow movement and a point where traffic has stopped. It is
thought that this condition may best be represented at section B, if




(Average Data - Wheeltrack Samples Only; Sections A, B, C)










20 I4y.fi 1930 16.8
41 148.8 1807 23.1
12 160.4 1526 14.0
After Three Years of Service.
Highway Bulk Marshall Marshall
Density, Stability, Flow,
pcf lbs l/100-ir..
20 151.2 1853 23.2
41 148.2 2115 21.9
12 152.2 1577 If .9

































(a) Section A only.
»6
Table 16
Individual -Course Service Requirements - 1959
(Average Data - Wheeltrack Samples Only; Sections A, B, C)
Highway Layer Corresponding Bulk Hveem Percent Percent






20 surface B 151.5 20.1 0.7 51.5
20 binder C 153.2 27.3 59.7
41 surface A 152.5 7.7 1.2 48.0
41 binder C 150.4 21.2 64.0
12 surface B 152.5 »*• M 1.7 53.0
12 binder D 151.8 32.7 59.3
(a) Samples taken in the between-wheel track position. The other test
results reported here are for wheeltrack samples.
ril
volume vary for each of the three pavements and npeed, stopping position,
and acceleration and deceleration patterns are unequal between the pave-
ments. Considering these factors and the data available, it is believ-
ed that an average of the wheeltrack data for the three sections, with
equal weight given to each section, provides as good service require-
ment values as can be obtained from these data and for the traffic con-
ditions represented by the three pavements. This procedure gives the
test values presented in Tables 15 and 16. However, for the most se-
vere conditions, such as that represented by the wheeltrack position in
the outside lane on section A of U. S. 12, a somewhat more stable mix-
ture is required and the field data are inadequate to establish a pro-
per level.
Table 16 shows that the density of the binder on U. S. 20 is high-
er than the surface density, which is probably the result of usinp one-
inch maximum size aggregate for the l-l/4 in. binder layer. The low
Hveem stability value of 7.7 for the surface on U. S. 41 appears to be
completely satisfactory from the standpoint of pavement performance over
the five-year period, but it is believed that this probably would not
be true under the more severe conditions of channelized traffic as on
U. S. 12 and it is possible that stability difficulties may yet develop
with time.
Recovered Asphalt
Table 32 of Appendix E presents the results of several tests for
consistency of the asphalt extracted and recovered from surface samples
taken in sections A and C of each pavement. These data show a penetra-
tion range of 34 to 52 with an average value of 44 for nine test samples.
The average softening point was 131 °F with a ran*© of 127 to 137 and the
average ductility for the nine asphalt samples was 112+ cm for a rang©
of values from 90+ to 150+.
These results indicate that no unusual problems exist with the as-
phalt material. Duplicate tests for samples from the same section and
position show significantly different penetration results such as 34 and
45 for samples from section 41-WC. Sufficient data are not available
to conclude that the asphalt properties varied excessively.
Laboratory Specimens
The following discussion includes a presentation of test results
for all specimens molded in the laboratory using both the stundard and
old springs in the kneading compactor and using the Marshall compaction
method. The results obtained with the standard spring are representative
of a smaller number of test specimens than those for the old spring, but
they are preferred since with the standard spring the mechanical compactor
was operating in the proper manner and applying the intended type of com-
paction. Therefore, these results are shown graphically in this section
and the results using the old spring have been grouped in Appendix G as
a supplementary section. Some varying features of the two types of com-
paction are discussed and comparisons are made between these and, also,
with the Marshall method results.
In evaluating the laboratory test results in this study it is im-
portant to view the data as an attempt to simulate the field condition
of the pavement after five years of service by varying the kneading com-
paction intensity, and, in a few cases, the number of kneading tamps.
No attempt is made to establish the most suitable asphalt content by the
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Hveera design procedure since, in order to reproduce best the field pro-
perties of the mixtures, net asphalt contents and gradations are used
which were established by tests on the field mixtures. However, data
are presented in Tables 33 through 36 of Appendix E which which show
an optimum asphalt content of 5.8 percent by weight of aggregate, or
5.5 percent by weight of mix, for Gradations A, C and D and 5.5 percent
by aggregate weight, or 5.2 percent by mix weight, for Gradation B using
the Centrifuge Kerosene Equivalent and Oil Equivalent test procedures.
Asphalt contents actually used for the work done in this investigation
were 7.0, 5.7 and 6.1 percent by weight of mix for Gradations A, C and
D, respectively, and 6.0 percent for Gradation B. It would be expected
that a Hveem design series would indicate an optimum asphalt content of
near 5.5 percent by weight of mix for Gradations A, C and D and near
5.2 percent by weight of mix for Gradation f, but this was not deter-
mined in the laboratory since the primary intention of this study was
to simulate specific field conditions using a fixed mixture for each
of four aggregate gradations.
Routine Tests
The routine tests include those for density, stability, and mixture
voids using the kneading compactor with both springs and using Marshall
compaction, and aggregate degradation tests for kneading compaction
with the old spring and for Marshall compaction. Four mixtures were
used in this laboratory phase of the study and they have been identi-
fied by the aggregate gradation they contain. Gradations A and B are
surface gradations of l/2 inch maximum size and passing the require-
ments for an Indiana type B bituminous concrete mix. Gradation A is
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composed entirely of crushed limestone aggregate with 7.0 percent as-
phalt and Gradation b is composed of crushed limestone coarse aggre-
gate and a natural sand fine aggregate with 6.0 percent asphalt. Gra-
dations C and D pass specifications for Indiana binder mixes. Gradation
C has a maximum particle size of one inch in a gradation composed en-
tirely of crushed limestone aggregate with 5.7 percent asphalt. Gra-
dation D has a maximum particle size of 3/4 inch and is compose: of
crushed limestone coarse aggregate and a natural sand fine aggregate
with 6.1 percent asphalt. All asphalt contents are of 60-70 penetra-
tion grade asphalt cement and by weight of mixture.
Standard Spring
. Complete test results using the standard spri.
are presented in Table 37 of Appendix £. Figures 25, 26 and 27 illus-
trate these results of tests for the various mixture properties when
the kneading compaction pressure was varied. Each plotted point is the
result of one test, but the good consistency in density trends in Fig-
ures 25 and 26 indicates satisfactory molding of each specimen. This
offers suitable grounds for establishing, with these limited data, re-
liable density, stability, and voids trends using kneading compaction
of varying intensity as shown in Figures 25, 26 and 27.
The semi-compaction pressure applied at and below compaction pres-
sures of 275 psi was the same as the final compaction pressure. However,
at 275 psi compaction pressure and above, a semi-compaction pressure of
275 psi was used for all specimens. This semi-compaction pressure var-
iation did not appear to affect the properties of the compacted samples
except for Gradation A. The test values for this gradation at 225 and
275 psi show such a discontinuity that a dashed line has been used to
101
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FIG. 25 VARIATION OF HVEEM TEST PROPERTIES WITH
COMPACTION PRESSURE -SURFACE MIXTURES
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FIG. 26 VARIATION OF HvEEM TEST PROPERTIES WITH









































































FIG. 27 VARIATION OF VOIDS WITH COMPACTION PRESSURE
1'*
connect these two points in the figures. This variation may be the
result of Gradation A beinp, entirely of crushed limestone aggregate
with 7.0 percent asphalt and the fact that it is the most sensitive of
the four gradations studied.
In evaluating the data presented in Figures 25, 26 and 27 consi-
deration should be given to the use of a semi-compaction pressure of
275 psi rather than the standard pressure of 250 psi. Final calib-a-
tion of the kneading compactor revealed this deviation from standard
pressure. It is doubtful that this small increase of 25 psi in the
semi-compaction pressure would affect the final properties of the com-
pacted samples to any measureable extent.
Generally, the trends presented by Figures 25, 26 and 27 show
that as the compaction pressure is increased the density increases to
a point of maximum density if the compaction pressure is increased
sufficiently. In agreement with the density trends. Figure 27 shows
that the void content in the mix is reduced with an increase in com-
paction pressure until a point is reached where the mix voids are sat-
urated or nearly saturated with asphalt. This point of saturation oc-
curs at or near the point of maximum density for Gradations B, C and
D although the compaction pressure at which maximum density occurs var-
ies with the gradation, materials, and asphalt content for each mix.
The Hveem stability values of the binder gradations, Gradations
C and D, generally increase with an increase in compaction pressure
but appear to approach a maximum at the point of maximum density. The
Hveem stability values of Gradation B reach a maximum as the compaction
pressure is increased and then drop off with further increases in com-
paction pressure. In the case of Gradation A, the Hveem stability de-
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creases as compaction pressure increases.
Figure 25 shows that for an increase in density the Hveem stability
decreases for each Gradation A test. This same statement can be applied
to Gradation b above compaction pressures of about 450 psi, but below
this compaction pressure the same trend is produced as for Gradations
C and D as shown in Figure 26. In the latter cases the Hveem stability
increases with an increase in density.
The standard compaction pressure of 500 psi as used in California
would not be feasible or even possible to use for the mixture made from
Gradation A. At this pressure the Hveem stability is zero as shown in
Figure 25 and the mix voids are completely filled with asphalt as shown
in Figure 27. These laboratory test results indicate that the mixture
would not pass the standard Hveem stability and voids requirements com-
monly specified for design in California. However, the performance of
this material under non-channelized traffic on U. S. 41 for over five
years has been satisfactory. An average field density of 152.5 pcf for
the surface mixture at all three sections on U. S. 41 was obtained and
the laboratory tests indicate a compaction pressure of approximately
350 psi will give this density. This compaction condition produces a
Hveem stability of approximately 24 which is much above the average
field stability of 7.7; however, the void content for the laboratory
compacted mixture is nearly zero. For this reason the compaction pres-
sure of 300 psi is chosen for the Gradation A mixture as being the most
practical compaction pressure to use in order to maintain best agree-
ment between field and laboratory test results for density, Hveem sta-
bility and voids.
On the basis of California design procedures, a satisfactory Hveem
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stability value of 37 and a void content of nearly one percont are in-
dicated in the figures for Gradation b when a compaction pressure of
500 psi is used. The density obtained in actual puvoment service
shows that this laboratory compaction pressure of 500 psi is needed to
obtain a sufficiently high density assuming that the field and labora-
tory compaction methods produce the same average specimen density.
California design Hveem stability values of 41 and 42 are given
by the data of Figure 26 for mixtures of Gradations C and D, respect-
ively, when a compaction pressure of 500 psi is used. At this compact-
ion pressure void contents are less than one percent for each of these
two gradations, as shown in Figure 27. Density values are comparable
to those for field samples after one year of service, which is in a-
greement with the criterion for design used in California.
There is no indication from the data obtained in this study that
the standard compaction procedure and criteria used in California could
not be applied to Gradations B, C and D. It should be noted that, al-
though the standard California compaction procedure indicates adequate
density and Hveem stability values for the mixtures of Gradations B,
C and D, the void content of approximately one percent determined by
use of the Rice maximum density value is contrary to the desired mini-
mum value of four percent used in California when voids are calculated
using apparent specific gravity values for the materials. However,
Tables 33 through 36 of Appendix E present apparent specific gravity
and Rice specific gravity values for the four mixtures which differ
only by 0.01, 0.01, 0.05 and 0.02 for the mixtures of Gradations A, B,
C and D, respectively. The apparent specific gravity is higher than
the Rice specific gravity for each mixture, and void contents calculated
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using the apparent values would not increase above those calculated from
the Rice values by more than 0.5 percent for mixtures A and B, 2.3 per-
cent for mixture C and 0.8 percent for mixture D. Therefore, the voids
tabulated in this report compare closely to values determined by use
of apparent specific gravity values as would be used in California for
surface mixtures, and binder voids can be expected to be as much as
2.3 percent lower than the California procedure would indicate. The
Gradation A mixture had a low void content of about 0.5 percent at the
300 psi compaction pressure. In order to comply with the four percent
voids value used in California, the asphalt content for each of the
four mixtures should be reduced. £uch a reduction in asphalt content
would increase the factor of safety with regard to stability of the mix
and somewhat reduce the factor of safety for durability of the mix.
Of particular significance in Figures 25 and 26 is the low *«a.rshall
compacted density for each of the four gradations as compared to the
density values obtained by kneading compaction. Although the Marshall
density was extremely low, the Hvaem stability values obtained for these
Marshall compacted specimens were above actual service requirements
. in
each case and ranged from 24 to 41. Lower Hveem stability values were
obtained for Marshall compacted binder specimens than for surface speci-
mens. Values of 25 and 24 were obtained for Gradations C and D, re-
spectively, and values of 41 and 27 were obtained for Gradations A and
B, respectively. Higher Hveem stability values were normally obtained
using kneading compaction of nearly any intensity rather than Marshall
compaction with the exception of Gradation A. The highest Kveem sta-
bility value using kneading compaction for Gradation A was 31 at a com-
paction pressure of 75 psi and the Hveem stability for Marshall com-
I
-
paoted specimens was 41.
Old Spring
.
The results of tests using the old spring are pre-
sented in tabular form in Appendix F and are shown graphically in Ap-
pendix G. Figures 40 through 43 of Appendix G can be interpreted in
the same manner as Figures 25, 26 and 27 presented for the standard
spring in this section. Each point in these figures is an average of
three test results. A wide variation of compaction pressures was used
which varied for each gradation since pressures were chosen as the work
progressed in such a way that satisfactory curves of density and Hveem
stability versus compaction pressure could be established.
Differences between the standard and old spring kneading compact-
ion in density and Hveem stability are apparent when the same peak com-
paction pressures were used and these discrepancies are attributed to
the type of action under the compactor foot. The greater impact with
the old spring resulted in higher density values at lower pressures.
Different particle orientation and more severe degradation are suspect-
ed, also, and very possibly are causes of a part of the density and
Hveem stability differences. In some cases, using the old spring, an
obvious breakdown of aggregate is apparent from the percent nix retained
on the No. 6 sieve curves of Figures 40 through 43 shown in Appendix G.
Undoubtedly, the high impact was cause of much of this breakage, but
no data were taken to determine if similar trends would be obtained
using the standard spring.
Figures 44 and 45 of Appendix G picture results for Gradation B
and Gradation D, respectively, using the old spring and a constant
compaction pressure but with variable compaction time. The compaction
LOS
pressure was high, 595 psi as shown by the kneading compactor calibra-
tion in Appendix C (particular reference is made to Figures 37 and 38
of Appendix C), and the mixtures were not sufficiently sensitive in
this compaction range to obtain a satisfactory range of density. It
is believed that similar curves can be obtained by the use of a stand-
ard compaction pressure and variable compaction time as by varying the
compaction pressure and using the same compaction time for each pressure,
The former method might well be the more desirable approach to use of
the two since varying the time of compaction allows more uniform control
than varying the compaction pressure and better consistency in the re-
sults would be expected with time as the variable. This idea was not
pursued any further in this investigation, but relatively few tests with
a sensitive mixture in the laboratory would disclose if this approach
would be advantageous.
One feature that is definitely illustrated by Figures 44 and 45
is the decrease of Hveem stability as the compaction time is increased
beyond the initial point of maximum density. This gives evidence of
the importance to avoid a zero-voids condition as maintained by Hveem.
Marshall property results are presented in Figures 46 and 47 of
Appendix G for one specimen compacted at each compaction pressure and
compacted with the Marshall hammer using 50 blows on each face. Mar-
shall stability trends show no comparison with Hveem stability trends
in Figures 40 through 47 of Appendix G, except possibly for Gradation
C. For Gradations A, B and D the Marshall stability values increase
with an increase in the kneading compaction pressure but the Kveem sta-
bility values increase to a maximum for each gradation and, thereafter.
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decrease with further increases in compaction pressure. In the case of
Gradation C a peak stability is reached at about 5C0 psi compaction
pressure both by the Marshall and Hveem tests, and further increases
in compaction pressure reduce the stability values with the decrease
in stability being more pronounced by the Hveem test. Marshall-compact-
ed specimens, compared with kneading-compacted specimens, show con-
sistently low Marshall stability and Marshall flow. The low Marshall
flow value of 2.4 for Gradation A, using Marshall compaction, is the
only unusual property shown by the Marshall data of Figures 46 and 47.
Effects of Kneading Compaction on Specimen Uniformity
Figure 28 illustrates the test results for specimens of each gra-
dation compacted with the standard spring in the compactor. Tabulated
results are in Table 38 of Appendix E,
A wide range of density was found to be present in all specimens
in which the variation of density was studied. Figure 28 shows that
this range is as high as 7 pcf from top to bottom of the Gradation A
specimens in the design compaction range. and the greatest variation is
generally between the middle and bottom layers of the specimen.
It is not believed that these results will correlate well with the
actual density variation of a mixture in service. Results are not a-
vailable in this report to indicate this, however. Cut sections of
field and laboratory compacted specimens from this study have shown
that the kneading compactor does not produce particle orientation of
the same type as produced by construction equipment and traffic in the
pavement. In the pavement the particles arrange themselves in a po-
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FIG. 28 VARIATION OF DENSITY IN SPECIMENS




duces a random particle arrangement. Furthermore, observation shows
that the density variation throughout a specimen compacted with the
kneading compactor does not follow the same pattern as the variation
in a field-compacted specimen. The versatility of the kneading com-
pactor is such that it seems entirely possible that a specimen could
be compacted to compare to the material in service since it would be
desirable to obtain the same structural arrangement in both field and
laboratory specimens. This appears to be possible by varying the com-
paction pressure as well as the depth and number of layers of material
in the compaction mold.
A specimen in the range of the design compaction pressure for each
gradation was used to obtain the data shown graphically in Figure 29,
These limited results are sufficient to conclude that the asphalt con-
tent is highest in the bottom of the specimen for the four specimens
studied. This agrees with the observations in the core samples as dis-
cussed previously. The results show the lowest asphalt content in the
middle of the specimen for the binder gradations and a gradual increase
of asphalt content from top to bottom for the surface gradations.
Aggregate breakage decreases from top to bottom of the specimen
with the exception of Gradation A. Since Gradation A is composed en-
tirely of crushed limestone aggregate, this different trend may be rea-
sonable. These results are limited by the small samples of approximately
400 grams of aggregate for each layer. Also, the top and bottom layers
were cut on one face while the middle layer was cut on two faces. This
implies that the middle point on the curve may not be established pro-


















FIG. 29 VARIATION OF PERCENT ASPHALT CONTENT
AND PERCENT RETAINED ON NO. 6 SIEVE
FOR KNEADING COMPACTED SPECIMENS
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Design Compaction Pressures and Design Properties
The standard compaction method which California uses in compacting
bituminous specimens specifies a 500 psi compaction pressure. Table 17
lists the test property values at a 500 psi compaction pressure taken
from Figures 25, 26 and 27 of this section for the standard sprir.p and
Figures 40 through 43 of Appendix G for the old sprinr. The old spring
results are presented primarily for comparison with the standard spring
results. There is evidence at this compaction pressure of 500 psi of
a rather good comparison between the two types of compaction obtained
with the two springs.
Table 17 relates values of Kveem stability for Gradations B, C and
D which are completely acceptable on the basis of field sample test re-
sults and general Kveem design requirements when the standard spring
is used. Acceptable values of Hveem stability are also indicated when
the old spring is used with the exception of the Kveem stability value
of 31 for Gradation B. The density values reported for Gradations B,
C and D in Table 17 are in close agreement with the coT.posite-6ajr-.rl9
density values after one year of service reported in Table 15. The
pfivement density after one year of service is commonly used as a pri-
mary design criterion in California. Void contents for Gradation 3
presented in Table 17, when either the standard or old spring is us--
,
are in the range of void contents for individual-layer field samrles
after five years of service shown in Table 16. No binder vcid contents
were obtained for the field samples but the Table 17 values appear to
be lower than service values after five years when referring to compo-






























































(-. K -H o iH LO CJ>©•HO • • • •







> -P o C- rH COX co to •tf t*
%
>>P
•H Hh; CO CO CO o
r* «o O • • • •
<-t C &. to a> i-l en
3 (D LO •<* LO -*
CQ Q i-H ^H l-l i—
(
to TSp <D
>> C P CO rH
aS a) a! rH tf
& S <-> i-H CO
J2 » 3 -* n % rH
to > 6 o o
•H a! -h CO CO
W O, CO
ID o
O o u Ih
In al aS ID <P
© «H Oh T) TS
>> Ih Ih C c
CO 3 3 •H •H










a © t3 •





. 1 T C -H a> CM rH












> P LO i-< r—i o
33 CO CO Tf •<r
• CjOtj,
rH C C CD
r-< -H •H P
aS i T5 O
JZ • o a! a)
to £ O CD P, CO to LO (0
1. OH
OS rH \ C 6 • • • •« o o> •«*• l-lS li. H -— o rH r-i CO l—l.
*
>> MtJ
rH P G D
rH H •H +J
OS rH 05 t) y
JC -H £ aS a)
03 ^O rH © Dh O O o o
Ih 35 C E o t- *? CO
a! P t«N O to LO I-I ^*«2 co -—
O
CO CO co CO
>>P
•H Vh o a> t> oM to o • • • •
rH C Oh CO a> CO CO3 ID LO <* lO <*
m a H H l-l •-I
to T>
+3 CO
>5 C P CO l—l
a! CD as H **




*f * » rH
o c
•h at -h CO CO
EC a, co
CD CD
O o Ih Ih
Ih as at a> CD
CO «M Cm T3 Tl
>> Ih Ih c a
as 3 3 H •H
•























































field samples taken after five years of service, they are applicable
to all field samples taken after one year of service since it has been
determined by this investigation that the density achieved after or.e
year of service is comparable to the density after five years of ser-
vice.
In Table 17 Hveem stability values for Gradations B, C and D are
considerably higher than the Hveem stability values of Table 16 after
five years of service. This is due to the varying type of compaction
between the field and laboratory, and the fact that an average density
value is reported when the density actually varies differently through-
out the sample depth due the manner of compaction. The laboratory
specimen is 2-1/2 in. in height and the pavement was laid in layers
varying from one to two inches in thickness. This would account for
aggregate particle orientation differences and density differentials
which would greatly affect stability results.
By studying the Gradation A curves of Figures 25 and 27 and Fig-
ure 40 of Appendix G, a compaction pressure of 300 psi was chosen for
compacting the Gradation A mixture in order to obtain satisfactory
test properties that would be in agreement with service requirements.
Note in Table 17 for the old spring that the highest Marshall stabili-
ty for the four gradations is obtained for Gradation A when kneading
compaction is used and the lowest Hveem stability value of the four
gradations is also indicated for Gradation A. This implies that a mix-
ture may have a void content near zero and yet have a high Marshall
stability value. This is in contrast to both what is maintained by
Hveem as being a desired stability-voids relation and to what is shown
by field-performance data as being a desired condition. The final test
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properties are listed in Table 18 as indicated by the data at the de-
sign compaction pressure chosen for each mixture
.
From the discussion to this point it appears that the normal 500
psi compaction pressure can be used for Indiana binder mixtures, but
a lower design compaction pressure should be employed for compacting
more sensitive mixtures. These sensitive mixtures are usually surface
mixtures, especially those surface mixtures containing high percentages
of crushed limestone aggregate and a high asphalt content.
A low Hveem stability value seems to establish readily if a mix is
over-compacted at a set asphalt content. If a condition of failure is
present, it will be indicated by a low Hveem stability value resulting
from a near-2ero void content due to an excess of asphalt in the mix-
ture. It is thought that if the Hveem stability is above a value of
25 at a compaction pressure of 500 psi, there is no need to lower the
design asphalt content provided the design criteria of voids and den-
sity are satisfied. This statement is one possible interpretation
which may be drawn from the California criterion of establishing an ab-
solute minimum Hveem stability value of 25 under any conditions. Ser-
vice Hveem stability requirements presented in this report also show
that 25 would be an approximate minimum desirable Hveem stability to
be applied to all mixtures under all conditions of traffic; however,
the broad assumption is made for this statement that actual pavement
stability can be directly related to the hveem stability of laboratory
compacted samples.
Tables IS and 20 record comparisons of aggregate gradations to
show degradation effects. These data show no significant increase in
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Ret. Percent Fuller's 1954(b) 1957 >c ) 1959(d)
Gradation
Gradation A At 285 psi •
1/2" 3/8" 2 - 14 13.4 10.8 8.7 7.0
3/8" #4 20 - 50 25.4 36.5 33.4 34.9
.
#4 7?6 - 11 S.8 8.8 *.5(e) 10.1 14.4
#6 #8 - 11 8.1 4.1 6.6 • .1
.
#8 trie 5 - 20 12.6 10.5 10.6 11.0 10.3
#16 ff50 10 - 25 15.4 16.1 15.9 16.9 17.9
?f 50 #100 2 - 17 4.4 4.1 4.8 4.9 4.3




#200 «•—>— 3 - 5 7.6 5.8 7.5 .
.
Mix Retain-
ed on #6 45 - 55 52.2 48.1 48.3 46."
Gradeition B At 525 psi (f)
1/2" 3/8" 2 - 14 13.4 i^.2 13.") 6 . -5 .-.1
5/8" #4 20 - 50 25.4 39.9 U 7 39.5 35.9
n #6 - 11 9.8 9.6 8.9(e) 10.0 11.8
#6 #8 - 11 8.1 3.8 6.1 -.1
#8 #16 5 - 20 12.6 5.4 5.8 .
tie #50 10 - 25 15.4 24.1 21.5 19.4 22.4
77-50 #100 2 - 17 4.4 4.8 5.3 5.4 5.1
n oo #200 1 - 5 3.3 0.6 C.7 0.9 1.3
#200 —— — 3 - 5 7.6 2.6 3.4 3.9 3.4
Mix Retain-
ed on #6 45 - 55 55.2 53.8 52.7 51.5
(a) All aggregate is from asphalt-extracted samples.
(b) Average of three to eleven samples after mixing and before rolling.
(c) Samples taken from between-wheeltrack position ^ average of three).
(d) Samples taken from wheeltrack position (average of three tc five).
(e) Interpolated on the No. 6 sieve since a Nc. 6 sieve was not used
in the sieve series.
(f) Average for three samples compacted with old spring.
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Table 20






Pass. Ret. Fuller's 1954(b) 1957U) 1959(d) At 525 psi (f)
Gradation
Gradation C
1" 1/2" 5 - 50 29.3 41.5 24.3 2j.O 24.9
1/2" #4 10 - 60 27.4 26.7 38.0 35.5 36.6
#4 irS - 5 7.0 1.5 3.7(e) 3.4 3.7
#6 #8 - 5 5.6 2.0 2.6 2.5 3.1
#8 #16 3 - 12 9.1 6.7 7.5 7.5 7.3
#16 #50 5 - 20 10.8 10.7 11.1 10.7 12.3
#50 #100 2 - 10 3.1 3.1 3.5 3.6 3.0
#100 #200 - 4 2.3 2.5 2.9 2.2 3.7
#200 --- - 4 5.4 5.3 6.4 5.6 5.4
Mix Retain-
ed on #6 60 - 70 65.8 62.0 64.0 61.5
Gradation D
3/4" 1/2" 5 - 50 18.3 20.1 10.4 8.6 13.6
1/2" #4 10 - 60 31.7 42.7 49.3 47.9 43.2
#4 #6 - 5 8.0 5.4 6.3(e) 6.7 6.2
#6 #8 - 5 6.6 2.7 4.4 4.1 3.7
#8 #16 3 - 12 10.4 4.5 4.7 5.8 6.2
#16 #50 5 - 20 12.5 20.0 18.0 19.8 19.7
#50 #100 2 - 10 3.6 3.6 4.1 4.4 3.9
#100 #200 - 4 2.7 0.4 0.6 0.7 1.2
#200 - 4 6.2 0.6 2.2 2.0 2.3
Mix Retain-
ed on #6 60 - 70 64.1 62.6 59.3 5r.2
(a) All aggregate is from asphalt-extracted samples.
(b) Average of three to eleven samples after mixing and before rolling.
(c) Samples taken from between-wheeltrack position (average of three).
(d) Samples taken from wheeltrack position (.average of three to five).
(e) Interpolated on the No. 6 sieve since a No. 6 sieve was not used
in the sieve series.
(f) Average of three samples compacted with old spring.
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sented to give evidence of aggregate breakage occurring under traffic.
However, results for samples taken immediately after initial fielc com-
paction, are needed in order to draw conclusions in regard to degrada-
tion effects of traffic after three and five years of service.
The gradation in the final column of ea~h table is from the re-
sults obtained with kneading compaction nearest the design-compaction
pressure. These results are from samples compacted with the old spring
and it is not known how nearly they would represent the final aggregate
gradation if the standard spring had been used. In general, the labor-
atory-compacted gradation is near to either the 1957 or 1959 field gra-
dation with the largest deviations in the two coarse aggregate frac-
tions above the No. 4 sieve size for each gradation. On the average,
the laboratory-compacted gradation does not differ from the 1^57 or
195C- field gradation by more than one to two percent for any fraction.
Supplementary Results
During the progress of the study several interesting possibilities
or effects of the kneading-type compaction became apparent. The re-
sults of three such individual studies are discussed in this section
and presented to add to the information otherwise obtained in this in-
vestigation.
Remolded Samples
The recom] acting of a field sample in the laboratory to reproduce
field density and stability was attempted. The old spring was install-
ed in the compactor at this time, but the same trends would be expect-
ed if the standard spring had been used.
Vs.2
The remolded test results are tabulated in Table 39 of Appendir
The upper portion of Table 39 consists of remolded test results of den-
sity and Kveem stability for the same materials in each specimen as was
used for the original tests of density and Hveem stability on the pave-
ment cores. These results are analyzed statistically in Part B of Ap-
pendix H, and data of the core and remolded results are presented there,
and also in Table 21, for ready comparisons. The statistical analysis
shows that the density for remolded surface samples at 595 psi com-
paction pressure was not significantly different from the original den-
sity for Gradation B. Although there is no statistical difference, it
is suspected that the difference may be significant technically; that
is, the small density variation may have a large effect on stability.
The density difference was highly significant for the two binder gra-
dations as shown by the statistical comparisons in Part B of Appendix
H. In Table 21, as in Part B of Appendix H, the Hveem stability values
show the reverse trend of the trend shown for density. The surface
stability is significantly different and the binder stability is not
significantly different. These conclusions defintely show a difference
in the structure of the field and laboratory specimens, or little cor-
relation between field and laboratory compaction. These conclusions
leave a desire to check the results using the standard spring before
definitely stating that the remolding method has much true meaning or
value.
As the remolded samples were being compacted it was observed that
the aggregate did not tend to degrade seriously. This follows Hveem'
s
conclusion that the mixture approaches a maximum density under heavy
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Table 21






Bulk Density, pcf Hveem Stability
Core Remolded Core Remolded
surface 20-0A B 153.2 153.4 34.3 15.2
surface 20-0B B 151.5 152.4 23.2 4.4(b)
surface 20-0C B 150.8 153.0 28.9
• \b)
surface 12-0A B 152.3 154.6 34.0 17.7
binder 20-0A C 150.2 155.8 29.0 25.6
binder 20,-OB c 147.2 154.4 22.2 35.8
binder 20-0C c 23.4 24.0
binder 41-OA c 150.6 155.4 48.7 40.1
binder 41-OB c 149.2 154.8 27.8 25.0
binder 41-OC c 149.0 155.3 35.4 29.2
binder 12-0A D 151.8 152.0 56.5 20.2
binder 12-0B D 150.9 153.3 15.2 14.5
binder 12-0C D 148.4 155.1 22.4
(a) Specimens remolded from tested pavement c ores.
(b) Results are extrapolated when the lateral pressure exceeded the
maximum dial reading of 200 psi.
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traffic conditions. The gradations in this study tend to approach a
maximum density, or an aggregate gradation close to Fuller's curve ms
shown by the data of Tables 19 and 20. This trend is more predoninant
for Gradations A and C which are composed entirely of crushed limestone
aggregate. This would explain why very little breakage was observed
when reconpacting the material, and reason exists to believe that field
conditions can be duplicated by remolding if the versatility of the
kneading compactor is employed to greater advantage.
Comparison of Hveem and Marshall Sta-
bilities Using Kneading Compaction
Results are shown in Figure 48 of Appendix G comparing Hveem and
Marshall stability results for each of the four mixtures. Each point
is plotted by averaging three test results for the Hveem stability
value and one test result for the Marshall stability value for knead-
ing compacted samples.
Again, the data were obtained with the old spring and it is doubt-
ful that similar results would be obtained with the standard spring in
the normal range of compaction. The low Hveem stability value at the
high compaction pressure for each gradation is believed to result from
high aggregate breakdown and asphalt "flushing" in the upper 1/4 inch
of the specimen. This is caused by the high impact from the spring
being over-loaded and results in a very low surface stability. Such
an impact action was not observed when compacting with the standard
spring. However, it does seem that as the compaction pressure is in-
creased, a peak Hveem stability value will be reached and below this
any Hveem stability will represent two Marshall stability values.
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The pressure at which the peak Hveem stability is obtained may be very
high for the standard spring but there is reason to believe that such
a pressure would be reached.
Aggregate Degradation
Aggregate degradation has been studied in a very general way in
this investigation in order to establish the definite need for further
study in this area. The data clearly illustrate that aggregate break-
age occurs in bituminous pavements either by rolling at the time of
construction or under service traffic or by a combination of the two.
Some qualitative values are also presented in the form of gradation
comparisons to indicate the magnitude of any degradation. (Refer to
Tables 19 and 20 of this section and Tables 42, 45, 48 and 51 of Ap-
pendix F)
.
The gradations used are open in type and they do not originally
follow Fuller's maximum density curve; however, after three years of
service the gradations seem to approach a gradation comparable to Ful-
ler's gradation. This point may be reached prior to three years of
service, but data are not available here to substantiate this.
The laboratory data relating to aggregate degradation in this
study was obtained with the old (low-capacity) spring in the compactor
and the breakage of aggregate obtained in the various sieve fractions
correlates well with that obtained after three or five years of service,
Gradation A presents several trends that differ radically from the
trends presented for Gradations B, C and D. This is due, probably, to
use of crushed limestone fine and coarse aggregate and a hie;h asphalt
content of 7.0 percent in the Gradation A mix. Gradation C is also
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composed entirely of crushed limestone aggregate, but with 5.7 percent
asphalt this binder gradation apparently produced a stable mix for a
wide range of compaction pressures. All of the gradations use a crush-
ed limestone coarse aggregate from the same source which poses a re-
striction on the data reported and on conclusions drawn from these data.
The aggregate gradations for laboratory-compacted specimens show
a tendency to approach Fuller's gradation as the data of Tables 19 and
20 indicate. Gradations A and C are composed entirely of crushed lime-
stone aggregate and the gradation results show that this aggregate was
degraded both by laboratory compaction and in the field to closely ap-
proach the Fuller gradation. The overall gradation of aggregate sam-
ples from Marshall-compacted specimens was found to be closer to the
three or five-year service gradations than any results using kneading
compaction for all of the compaction pressures applied.
Evaluation of the effect of kneading compaction on aggregate de-
gradation was attempted by comparing the laboratory compacted gradations
with the five-year service gradation. The average percent difference
retained between each sieve group was found using the data of Tables
42, 45, 48 and 51 of Appendix F and it was concluded that no trend
exists over the range of compaction pressures used. This conclusion
is also apparent in the gradation data presented in the Apoendix F
tables. Indications are that maximum breakage occurs at very low pres-
sures of less than 50 or 100 psi and, above this pressure, no signifi-
cant degradation increase will occur. Most commonly, the difference
of any percent between sieves for the laboratory-compacted aggregate,




The following statements are presented as a resume of the findings
resulting from this investigation. The field results are presented as
being representative of the three pavements studied and presumably can
be applied to resurface pavements of similar construction and service
characteristics. The laboratory testing has been restricted to mixtures
which simulate the mixtures used in service and the laboratory test
results are applicable only in cases where techniques and procedures do
not differ radically from those employed for this project.
Composite Pavement Samples
1. Test results of density and Marshall tests for composite
samples from four samplings during a five-year period have shown that
the traffic-compacted density and Marshall stability reached values near
maximum after one year of service. This study has shown that traffic
usually increased density values about 6 pcf after construction, although
the range was 2 to 1J pcf since the tests for the as-constructed condi-
tion showed random and variable results, and the Marshall stability
approximately doubled as a result of the density increase. For any
period after one year, density was consistently highest at traffic-signal
intersections when compared with the density at sections under more
uniform traffic flow. The range of this density difference was about
zero to 6 pcf for samples tested in this study, and a difference of
3 pcf was most common. As a result of the increased density at inter-
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sections, the Marshall stability at intersections for any period after
one year of service was commonly about 150 percent of the Marshall
stability under more uniform traffic flow.
2. Density and Marshall stability results showed a wide variation
with respect to the two positions under channelized and heavy traffic
on U. S. 12, but no significant difference between positions was indicated
under non- channelized traffic and lower traffic volumes as on U. S. 20
and U. S. 4*1. A uniform pattern with respect to section was apparent
from the density and Marshall stability results for samples from chan-
nelized traffic lanes on U. S. 12, but a non-consistent pattern was ob-
tained for samples taken from non- channelized traffic lanes on U.S. 20
and-U. S. 41.
3. Marshall flow values did not exceed the as -constructed flow
values throughout the five-year service period and they were lower than
as -constructed values for several cases. Flow values, on the average,
did not vary significantly with section on U. S. 20 and U.S. 12, but on
U. S. kl the flow values tended to increase with progressive increases
in distance from the intersection. The above statements are applicable
to samples from both positions, wheeltrack and between-wheeltracks, and
generally flow values for the two positions did not differ by more than
five with the highest values in the wheeltrack position for about two-
thirds of all cases.
k. All Hveem stability values for composite field samples were
less than 35, or lower than the minimum permissible laboratory compacted
Hveem stability value used for design in California. On U. S. Ul the
Hveem stability for composite samples at 500 feet and 1000 feet from
the intersection was nearly the same and the Hveem stability at the
12-t
intersection was about 150 percent of the values at the other two sec-
tions. All Hveem stability values for U. S. Ul were higher for
between-
wheeltrack samples than for wheeltrack samples by about 20 percent.
Hveem stability values for U. S. 20 samples were all near to 2k regard-
less of section or position for the limited number of test samples. For
U. S. 12 composite samples from the between-wheeltrack positions
were
p
about 28 and the only wheeltrack sample test result was 13 for a sample
at the intersection where rutting had become serious.
5. Composite-sample void contents were found to be about two
percent at intersections and four percent under more uniform traffic
flow when the Rice maximum density values were used to compute void
contents.
Individual-Course Pavement Samples
1. All Hveem stability values on surface samples were less
than
35 and the range was from $.k to 31*. 8. Only 20 percent of the stability
values on binder samples were over 35 and the range was from 15-2
to
U8.7.
2. The surface density was nearly the same for the two positions,
wheeltrack or between-wheeltrack, at any one section of a
pavement;
however, the binder density varied with position and did so more
for
conditions of traffic on U. S. 20 and U. S. Ul than for the U. S. 12 con-
dition, with the exception of section C on U. S. 12.
3. A maximum of two percent voids was obtained for
between-
wheel track surface samples and an average value, using
samples at the
intersection and 1,000 feet from the intersection, of about
one per-
cent was indicated for each pavement. The voids for
between-wheeltrack
samples should also indicate voids for wheeltrack samples since den£
.
values for the two positions are comparable for all cases. No voids for
binder samples were determined but results for surface and composite
samples indicated a binder void content of near zero to six percent
depending on the section. Binder voids at the intersection would seem
to normally be three percent but in some cases, as on U. S. 12, the
composite sample results indicated binder voids were equivalent to
surface voids at the intersection. Normally binder voids were higher
for between-wheeltrack samples.
h. Extracted aggregate samples from the pavements showed degra-
dation primarily of the plus No. h sieve size of coarse aggregate and a
definite increase in the minus No. 200 sieve material for all cases of
surface and binder samples.
Laboratory -Compacted Samples
1. The Centrifuge Kerosene Equivalent and Oil Equivalent pro-
cedures indicated optimum asphalt contents by mix weight of 5-5 per-
cent for Gradations A, C and D and 5.2 percent for Gradation B. Gra-
dations A and B are surface gradations complying with specifications for
Indiana type B and Gradations C and D are Indiana binder gradations.
Gradation A was used on U. S. hi, Gradation B on U. S. 20 and U. S. 12,
Gradation C on U. S. 20 and U. S. Ul, and Gradation D on U. S. 12.
2. Variation of the kneading compaction pressure for the four
mixtures used in this study showed that density increased as the com-
paction pressure was increased. A point of maximum density was ap-
proached or obtained for all four mixtures when the compaction pressure
was increased sufficiently to a point where the voids were saturated,
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or nearly saturated,with asphalt. Hveem stability values of the binder
mixtures (C and D) generally increased with an increase in compaction
pressure and appeared to approach a maximum near maximum density. For
these binder mixtures an increase in density increased the Hveem stability.
The Hveem stability for surface mixture B reached a maximum with in-
creased compaction pressure and, thereafter, decreased with increased
compaction pressure. For surface mixture A an increase in compaction
pressure decreased the Hveem stability, as for mixture B after reaching
a maximum stability. Thus, an increase in density was accompanied by a
decrease in Hveem stability.
3- Marshall-compacted densities for each of the four mixtures
were much lower than kneading- compacted densities, but Hveem stability
values for Marshall- compacted specimens were well above those for pave-
ment-core samples for each mixture. Higher Hveem stability values were
obtained using kneading compaction of nearly any intensity rather than
Marshall compaction except for Gradation A which gave a higher Hveem
stability for Marshall compaction than for any kneading-compaction
pressure.
h. Specimen uniformity tests showed that the density variation
was as high as 7 pcf between top and bottom layers of a kneading-
compacted specimen with the bottom of the specimen being the least dense.
A larger density difference usually existed between the middle and bottom
layers than between the top and middle layers. Asphalt contents were high-
est in the bottom layer for four specimens (one for each mixture in
the design compaction pressure range) and aggregate degradation was
greatest in the top of each specimen except for Gradation A where
degradation was greatest in the bottom layer.
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5. Several Gradation B and D specimens compacted at 595 psi
with the old spring and for various compaction times showed that the
Hveem stability decreased after the compactive effort was increased
beyond the initial point of maximum density.
6. Using kneading -compacted specimens compacted with varying
pressures with the old spring, the Marshall stability trends show no
comparison with Hveem stability trends, except possibly for Gradation C.
For increases in compaction pressure Hveem stability values increased
to a maximum and, thereafter, decreased. Marshall stability values
increased with increased compaction pressures for all pressures used
except for Gradation C which gave a maximum Marshall stability at 500
psi compaction pressure and then decreased. Plots of Hveem stability
versus Marshall stability show a peak, below which any two specimens
may have the same Hveem stability but different Marshall stabilities.
Marshall-compacted specimens, compared with kneading-compacted specimens,
show consistently low Marshall stability and Marshall flow values.
7. Density and Hveem stability values for remolded specimens
using the old spring and 595 psi compaction pressure resulted in surface
density values comparable to the surface density for pavement samples,
and binder density values significantly higher than the binder density
for pavement samples. A reverse trend was obtained in relation to the
Hveem stability values with comparable results obtained for the binder
mixtures and significantly low results obtained for the surface mixtures
after remolding.
CONCLUSIONS
The problem and need of simulating field conditions in the
laboratory are presented by this investigation. The all-important
task is to develop a method and procedure for compaction that will
produce a specimen that represents the mixture, including structural
arrangement, as it will be in service. To solve this problem a
knowledge of the basic qualities of the aggregate and asphalt proper-
ties is essential. Viscous resistance of the asphalt is a factor and
known to be steadily overcome as the loading time increases. The
aggregate hardness, durability, and resistance to impact and abrasion
are also factors to be considered.
The results of this investigation give evidence that the kneading
compactor does not produce a compacted bituminous specimen having the
same physical characteristics as the material after construction and
traffic compaction in the field under Indiana conditions. Cut sections
of field and laboratory compacted specimens from this study have shown
that the kneading compactor does not produce particle orientation of
the same type as produced by construction equipment and traffic in the
pavement. In the pavement the particles arrange themselves in a position
with tha long axis horizontal, but the kneading compactor produces a
random particle arrangement. Furthermore, observation shows that the
density variation throughout a specimen using standard compaction with
the kneading compactor does not follow the same pattern as the varia-
tion in a field compacted specimen. Evidence is given of this density
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differential by the wide variation between field and laboratory H/eem
stability values obtained for specimens having comparable average
densities. It is important to consider the above comments as being
applicable only to resurface pavements and mixtures studied for tnis
investigation. For different materials, construction procedures and
traffic conditions other than those studied for this work the Kneading
compactor might closely approach the field compaction condition. The
kneading compactor is recognized as one of the most reliable methods of
compaction now in common use; however, the point to be emphasized Is
that although it simulates field compaction to a higher degree than
earlier types of compaction used in the laboratory, there is a need to
improve the compaction technique to reproduce the field condition
better for Indiana conditions.
In addition to the above comments, the following statements are
presented as a resume of the conclusions resulting from this study.
1. Performance studies have indicated that the overall perform-
ance of the three highway pavements investigated is satisfactory after
five years of service. Only at the traffic-signal intersection on
U. S. 12 is the pavement approaching a failure condition shown by
rutting and shoving of the resurface pavement. Traffic in this ^one
is channelized and consists of a very high volume of heavy trucks.
2. Sampling techniques employed for this study appear to be
satisfactory; however, it would be desirable to have a larger pavement
sample with less cut aggregate to be used for tests other than the
Hveem stability test. In order to obtain more reliable and complete
field data it would be necessary to obtain test results for samples
of "production mixtures" taken at the plant while the project is in
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progress. This procedure would give test values for the mixture which
was actually used in construction and it would eliminate the error
involved when attempts are made to reproduce field mixtures in the
laboratory
.
3. Laboratory techniques used in this study for general testing
of the core samples are believed to be adequate since the nature of
the sample in most cases does not warrant more precise testing. It is
recommended that built-up specimens of pavement samples for Hveem
stability tests have no single layer thickness less than the maximum
aggregate size and that the number of layers be kept to a minimum.
k. Asphalt extraction results on pavement samples led to the
conclusion that asphalt is probably being forced from the surface into
the less-dense binder as traffic continues to densify the resurface
pavement. Results indicate that this effect becomes more pronounced
with time. Increased asphalt contents also were found for the less-
dense area of laboratory compacted specimens and generally this condi-
tion is thought to be present only as long as the void content of the
less -dense portion of the specimen is high as in an open-type mixture.
5. To establish a laboratory design procedure based on service
requirements it would ultimately be desirable to consider the varying
effects of traffic. A method which does not consider traffic variation
consists of averaging the wheeltrack data for all sections, as was done
in this study, when sufficient data were not available to consider each
section individually. A design procedure based on average data will
result in an over-design condition for pavements subjected to uniform
traffic and an under-design condition at intersections where failure
problems will probably result in a proportionally short time. To
overcome the problem of traffic variation a possible design approe
would be to vary the Stabllometer test-speed to represent various
traffic conditions. Ultimately the same Hveera stability ndp.ht b«
required for all traffic conditions, but a slow test speed would indicate
lower stability values than a faster test speed when a constant mix-
ture is used. This would indicate the use of a more stable mixture
for the more severe traffic conditions as at intersections.
6. Hveera stability values as low as 7-7 for pavement samples of
the surface layer show satisfactory performance under high-volume
traffic when traffic is non- channelized. It is believed that this
would probably not be true for the more severe conditions of very nigh
volume and channelized traffic as on U. S. 12. On U. S. 12, sections
were showing failure when Hveem stability values for composite samples
were averaging 13.1. This indicates that a somewhat more stable
mixture is required for these sections of U. S. 12 but data were not
available from this study to indicate the magnitude of this required
stability increase. Binder Hveera stability values were as low as
15.2 on U. S. kl where satisfactory performance was shown. Normall. .
values of Hveem stability on U. S. 20 and U. S. Ul were about 25 but
they ranged from 15. 2 to 36.6. On U. S. 12 failure was shown a
intersection where the Hveem stability value was 2k.- in the wheel-
track position and kQ.7 in zhe between-wheeltrack position. These
same two values are the minimum and maximum 'stability values for the
U. S. 12 pavement. It is concluded that a Hveem stability of less
than 2U would not show satisfactory performance at the intersection
for this high-volume traffic condition.
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7. Consistency tests of penetration, softening point, and
ductility on the recovered asphalt from surface samples indicate that
no unusual problems exist with the asphaltic material in service, and
no relationship was found between asphalt properties and pavement
performance.
8. Although a Hveem design series was not made for each of the
four laboratory mixtures used in this study, it is obvious that the
Hveem method would indicate a lower optimum asphalt content than those
actually used. This is verified somewhat by the CKE and OE data for
each gradation which indicate optimum asphalt contents of 5*5 portent
by weight of mix for surface Gradation A and binder Gradations C and
D and 5.2 percent for surface Gradation B. Gradation A was used on
U. S. kl, Gradation B on U. S. 20 and U. S. 12, Gradation C on U.S. 20
and U.S. Ul, and Gradation D on U. S. 12.
9. Tests on laboratory mixtures show that the standard compac-
tion pressure of 500 psi as used in California would not be feasible
or even possible for the Gradation A mixture since the Hveem stability
is zero and the mix voids are completely filled with asphalt even
when lower pressures are used. It is concluded that the compaction
pressure for this mixture would have to be reduced to ?00 psi to
obtain a void-density relationship approximately equal to that for
pavement samples. An alternate procedure to increase the void content
would be to decrease the asphalt content which would increase the mix
stability qualities but decrease the durability qualities. The void
contents for mixtures of Gradations B, C and D could also be increased
to agree better with accepted voids in California (where a minimum
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of four percent voids is preferred) by using a lower asphalt content,
although there is no indication by the stability results that the
standard California compaction procedure cannot be applied to these three
mixtures. These three mixtures also show density values in close
agreement with the composite -sample density values after one year of
service, which is used in California as a primary design criterion.
Generally, the normal 500 psi compaction pressure can be used for
Indiana binder mixtures, but a lower design compaction pressure should
be employed for compacting more sensitive mixtures. These sensitive
mixtures are usually surface mixtures, especially those surface mix-
tures containing high percentages of crushec Limestone aggregate and a
high asphalt content.
10. The Rice specific gravity values for the four laboratory
mixtures and mixture specific gravity values calculated from apparent
specific gravity values generally agree closely and void contents cal-
culated by the two methods would not differ by more than 0.5 percent
for the surface mixtures and 0.7 percent for the Gradation D mixture.
For the Gradation C mixture differences as high as 2.5 percent are
possible and this difference would be considered significant. With
this information available the voids in this report using Rice specific
gravity values are comparable with voids by the California procedure
using apparent specific gravity values, except for mixture C voids.
11. When a bituminous mixture has a near-zero void content,
pavement performance shows that the continued compactive effort of
traffic will decrease stability. This trend is also indicated by
laboratory Hveem stability values which decrease rapidly with further
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compaction of the mixture after a near-saturated condition is reached.
Contrary to Hveem stability results and pavement performance, Marshall
tests generally show that the stability increases with increased com-
paction over the wide range used in this study. Only in one case did
the Marshall stability decrease with an increased compactive effort
and this decrease was not as pronounced as that obtained by the Hveem
test. On this basis, it is concluded that the Hveem stability results
do show some correlation with pavement performance for most cases » ori
the Marshall stability test results show little correlation with pave-
ment performance. Furthermore, it is thought that if the Hveem stability
is above a value of 25 at a compaction pressure of 500 psi, there is
no need to lower the design asphalt content provided the void-density
relationship in the laboratory is comparable to the field relationship.
This is because a serious condition of failure will normally be indicated
by a Hveem stability value lower than 25-
12. Differences between density and Hveem stability obtained by
standard and old -spring kneading compaction are apparent when the
same peak compaction pressures are used and these discrepancies are
attributed to the type of action under the compactor foot. The greater
impact with the old spring resulted in higher density values at lower
pressures. Different particle orientation and more severe degradation
are suspected, also, and very possibly are causes of a part of the
density and Hveem stability differences.
15. Statistical data for pavement samples justify concluding
that the Stabilometer test does not significantly affect the specimen
density. It is also shown by statistical data that pavement mixtures
cannot be recompacted with the old compactor spring following the
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standard California procedure to produce density and Hveem stability
values comparable to field results.
Ik. Aggregate degradation studies show that maximum aggregate
degradation in service has occurred at, or before, three years. The
gradations at three and five years are not significantly different and
they approach Fuller's maximum density gradation. Laboratory compacted
samples were degraded to nearly the same gradation at all compaction
pressures when the old spring was used with impact occurring above U50
psi, which shows that low pressures of 50 to 100 psi and without impact
produce degradation of the same magnitude as obtained when high pressures
with impact are used. The laboratory-compacted samples also approached
Fuller's gradation and, on the average, the gradations resulting when
samples were compacted near the design compaction pressure assigned
to each mixture in this study usually differ from the 1957 or 1959
field gradations by one to two percent for any fraction. The largest
deviations are in the two coarse aggregate fractions above the No. U
sieve size.
15. The method of calibrating the kneading compactor, as outlined
in Appendix C, is satisfactory. However, the area under the loading
curve is not an accurate means of comparing foot pressures for different
conditions of operation if the types of load imposed are not similar.
Calibration on the basis of peak foot pressure is satisfactory only when
similar load-cycle patterns are followed for all conditions. The dif-
ferences in the load cycles produced with the two springs referred to
throughout this study do not permit a simple means of comparison to be
made with accurate results primarily because of the high impact with
the old spring.
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SUGGESTIONS FOR FURTHER RESEARCH
Numerous topics for continued research, in the area of study whi-^i
encompasses this investigation, were presented as the work progressed.
The extreme versatility of the kneading compactor offers many opportuni-
ties to interested researchers to answer many of the questions which are
so prominent concerning compaction of soils and bituminous mixtures.
The Stabilometer also offers excellent opportunity to evaluate the strength
of a material and predict the performance of this material under highly
variable conditions of service. The ease of handling and the ready
adaptability of the Stabilometer to variable test conditions make it an
instrument which extends several projects to engineering personnel who
are interested in better establishing current design techniques.
This investigation has pointed out that much time and unnecessary
testing can be saved by resorting to the use of a sensitive mixture for
studies of the type discussed here. Some check tests with a less-
sensitive mixture may be desired, but this study has shown that the
Gradation A mixture consisting of all crushed limestone aggregate and
1.0 percent asphalt was very sensitive to any variables studied.
It is
suggested that these facts be considered when undertaking any
further
research outlined below.
Several of the ideas arrived at, while continuing this study,
have
been incorporated into this investigation. Other, more time-consuming
projects are outlined here. Several of these are projects requiring
142
only a series of test results that can be obtained by skilled technicians.
Other projects require continued study of the basic fundamentals involved
before satisfactory procedures can be adopted for laboratory testing.
A brief outline of suggested projects follows:
1. The conclusions from this study are very limited since three
pavements have been studied which are subjected to quite similar con-
ditions. It would be most informative to extend work of this type to
apply to more highway conditions and a greater number of bituminous
mixtures. In order to establish reasonable design criteria of Hveem
stability and voids it would also be necessary to obtain data for
pavements showing varying degrees of performance. The general procedure
and testing pattern has been presented in this study but the results
cannot be related to all bituminous pavements in Indiana.
2. As discussed under the CONCLUSIONS section of this report it
is most essential to simulate the field condition of a pavement when
compacting a laboratory sample. It is believed that only a kneading -
type action during compaction will reproduce the aggregate degradation
and particle orientation obtained in service. Furthermore, this study
has shown that the Triaxial Institute kneading compactor does not
reproduce the pavement condition in Indiana. It is suggested that the
kneading-type action of the gyratory compactor be studied with the
intention of developing a compaction procedure which will reproduce
field density and stability conditions but, preliminary to this, it is
necessary that gyratory compaction produce aggregate degradation and
particle orientation as they occur in service.
3. Further applications of the kneading compactor to the design
14*
of Indiana bituminous mixtures should certainly consist of varying the
asphalt content to obtain design data for typical mixtures vhen using
design compaction pressures presented by this study or by similar
means. It would also be most helpful to obtain data for typical Indiana
bituminous mixtures to determine the effects of varying several steps
of the standard Hveem test procedure such as the Stabllometer test-
speed and the sample curing time. Data to correlate the Hveem stability
values of built-up specimens using a varying number of layers with
specimens formed in the regular manner would also be most helpful
before continuing any further research with the Hveem method where
built-up specimens would be used extensively.
k. It is suggested that more work be undertaken to study the
effect of varying the compaction time when a standard pressure is used.
Preferably this standard pressure should be 500 psi since the kneading
compactor is built to operate efficiently in this pressure range. A
design compaction procedure for several mixtures could be obtained in
this manner with compaction time being the only variable. In an effort
to better simulate the field condition it is further suggested that
specimens be molded in more than one layer, preferably, using layer
thicknesses common to construction methods. This implies that a reason-
able beginning point for Indiana conditions would be to compact labora-
tory surface specimens in three layers and binder specimens in two layers.
Several combinations of variable compactive efforts for each layer would
reasonably present a trial and error means of obtaining a compaction
procedure to produce a specimen which would truly simulate field con-
ditions, but the number of trials involved may indicate that this method
would not be practical.
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5- There is a possibility that valuable information can be ob-
tained by establishing a method of recompacting pavement mixtures in the
laboratory. The compaction techniques described above under U) could be
applied here. It is believed that no additional degradation of appre-
ciable magnitude results from recompacting a mixture if the aggregate
has been degraded in service to nearly a maximum density. Thus, density
and stability results obtained from a recompacted specimen using the
pavement mixture should be comparable to density and stability results
for a laboratory
-prepared sample using the original construction mixture.
A correlation of the Hveem method with pavement performance based on
Hveem stability, using pavement samples and recompacted samples, might
be possible. This latter idea might be valuable to establish a correla-
tion between laboratory-compacted and pavement Hveem stability values
when the standard compaction procedure is used in the laboratory. Con-
tinued research is needed to disclose the true potential of these ideas.
6. The versatility of the kneading compactor is mentioned several
times throughout this report. The machine can easily be used as a
repeated-loading device with some minor modifications of the mechanism.
Loading pressures for a k-±n. diameter specimen can readily be varied
to a maximum of at least 200 psi according to the kneading compactor
calibration resulting from this study. The compactor table can be
adjusted to apply concentric loading and the detachable compactor foot
can be easily replaced with several types of loading heads. Specimens
can be compacted up to 12-in. in height. The true value of repeated-
loading testing as related to the stability problems with bituminous
mixtures in Indiana is still a somewhat questioned topic but the kneading
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APPENDIX A
DESCRIPTION AND OPERATION OF THE HVEEM STABILOKETER
It is not intended to present a detailed discussion of the opera-
tion of the Stabilometer since readily available literature, sucn as the
California Materials Manual (V7), covers this subject thoroughly. However,
some of the fundamentals involved are presented with a brief description
of the testing procedure.
The Stabilometer is compact, sturdy, and easily operated, and when
correctly used it yields reproducible results which are susceptible to
physical interpretation in terms of shear strength of the material. In
addition to meeting these requirements for an adequate test, it has been
reported that the test results have a high degree of correlation with
field performance {2k).
The specimen size is k in. in diameter and 2\ in. high, although
provisions can be made by an adjustable stage to test specimens ranging
from 2.2 in. to 3-0 in. in height. Charts are available to correct
test results to strength values corresponding to 2\ in. high specimens.
The Stabilometer measures primarily friction between the aggregate
particles. Thus, test results are not greatly influenced by ordinary
temperature changes or by the viscosity of the bituminous binder. This
is particularly true since the test is conducted at Iko'F, whereas a
test at a lower than room temperature would result in some effect on
the test result.
The artificial curing period of at least 16 hours at U0°F with
provision for air circulation is very essential since curing of the
mixture will have a marked effect on the test results under a fixed
rate of strain. Hveem and Davis (24) state that the artificial curing
time is reasonable when compared to conditions on the road after
placing.
For details of the test procedure the reader is referred to the
California Manual (47), Hannan (18), Highway Research Board Bulletin 105
(5), Asphalt Institute Manual on Hot -Mix Asphalt Paving (4a) and Zube
(55). It suffices here to state that the Hveem Stabilometer test
is a type of "closed system" triaxial compression test. The vertical
load is applied at a constant strain rate (0.05 in. per minute) while
pressure is allowed to build up in the liquid cell which encircles and con-
fines the specimen laterally. The Stabilometer value is obtained from
the transmitted horizontal pressure of 400 psi vertical load and is
expressed in a scale which ranges from to 100. This stability value
is obtained by use of a hyperbolic equation which has been presented as
a closure under the section heading, REVIEW OF LITERATURE.
In a pure fluid of zero stability, the transmitted pressure must
equal the vertical load. For complete stability the transmitted pres-
sure must be zero. California has set minimum laboratory compacted
bituminous concrete stability limits of 3<D and 55 for medium and heavy
traffic, respectively. California regards stability values of less
than 25 to indicate an undesirable mixture regardless of the other
properties of the mixture.
Figure 30 demonstrates the various components of the Stabilometer

























































FIG. 31 HVEEM STABI LOMETER
DESCRIPTION AND
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DESCRIPTION AND OPERATION OF THE KNEADING COMPACTOR
The kneading compactor used in this investigation was the most
recent model manufactured by the August Manufacturing Company in Oak-
land, California. The machine is pictured in Figure 32.
Over the past ten years the kneading compactor has undergone
numerous revisions in an effort to make the machine more compact while
still having a semi-automatic machine in which the personal error is
greatly reduced. Some automatic features, such as the feeder trough,
have been eliminated in an effort to reduce the cost of the unit.
Another modification has been to install a coil spring in the
tamper arm. The spring helps to decrease the rate of load application
in order to eliminate inertia effects of the hydraulic portion of the
control system.
The compactor applies a series of individual tamps or fleeting
pressures to the specimen through a tamping foot shaped like a segment
of a circle. The table supporting the forming mold rotates one -sixth
of a turn between tamps so that the tamper strikes a different area
each time. The action is such that in any one tamp the pressure is
gradually built up, in order to avoid impact, and then allowed to dwell
on the specimen for a fraction of a second before being gradually
released. The purpose of this dwelling period is to overcome effects of
viscosity of the bitumen. The compaction rate is 30 tamps or cycles
per minute. A typical trace of the load cycle is shown in Figure 33
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Hand Lever, air, to raise 8 lower foot
Manual Valve, oil, open to accelerate
lowering of foot, then close
Manual valve, air , to regulate
operating pressure
Manual Needle Bypass Valve, Oil,normally
open to mointain constant pressure
Pop-off valve, air, adjustable to
operating pressures desired
SOURCE REFERENCE 47
FIG 33 SCHEMATIC DIAGRAM OF THE KNEADING
COMPACTOR
and it will be seen that the pressure-versua-time curves consist of
three distinct parts: first, the application; second, the dwell;
and third, the release.
Power for operation of the toggle-press mechanism is provider
an electric motor through a speed reduction gear, flywheel, and connecting
road as shown in Figure 35. The system is explained by Seed and Moni-
smith (k) as follows:
In order to control the pressure exerted on the test
specimen by the tamper, a combination hydraulic -pneumatic
control system is used. Air from a high-pressure line
passes through a pressure regulator, which can be set at
any predetermined value, into the upper portion of the oil
reservoir. This reservoir also serves as a member of the
compactor frame. A feeder valve controls the flow of oil
into the cylinder containing the piston, which is attached
to the lower link of the press. This feeder valve is used
to adjust the height of the tamper in the mold prior to
the start of the compacting procedure.
The maximum load on the tamping foot remains constant
throughout the compaction procedure since, as soon as the
piston exerts more pressure on the oil than exists in the
compressed air in the tank, oil is squeezed out from under
the piston through a one-way check valve back into the oil
reservoir and a pop-off valve, which is set at the pre-
determined pressure, allows excess air to escape. To
ensure that the full pressure will always be applied to the
sample, a bypass valve is kept open a certain amount during
the entire process. The pressure of the compressed air and
the setting of the bypass valve govern the pressure exerted
by the tamper on the sample.
For operation details reference is made to the California Manual
(V?), Highway Research Board Bulletin 105 (5), Endersby (9), Vallerga
(50), Seed and Monismith (U) , and the Asphalt Institute Manual on
Hot-Mix Asphalt Paving (^9)-
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APPENDIX C
CALIBRATION OF THE KNEADING COMPACTOR
Before the compactor can be used it is first necessary to measure
the load exerted by the tamper foot at different air pressures and
settings of the bypass valve. Calibration also provides pressure -time
curves showing the load-application cycle which consists of the applica-
tion, the dwell, and the release. If there are any mechanical and/or
hydropneumatic faults in the system, the calibration will detect these
irregularities
.
Reference is made to Appendix B for a picture of the compactor
(Figure 32) and a diagramatic sketch of the control system (Figure 33).
A discussion of the procedure and method of analyzing the results fol-
lows.
California Methods
The calibration system common now at the University of California
is described at length by Vallerga (50). Other sources of information
are Seed and Monismith (k) and Endersby (9), and the California Materials
Manual (1*7) for the California Highway Department procedure. The methods
consist of placing four electrical strain gages on a load-carrying
member of the compactor. The equipment used for this operation con-
sists of a voltage regulator, an amplifying unit, a rectifier, an
oscillograph, and a recording unit.
Normally, an aluminum tubular compression dynamometer is inserted
immediately above the tamper foot. Four SR-k A-200 strain gages are
cemented 90 degrees apart on the outside surface of the tube, two
diametrically opposite, with their axes parallel to the axis of the
tube, and two, diametrically opposite, with their axes normal to tne
axis of the tube. An aluminum tube is used rather than steel because
of its lower modulus or elasticity giving correspondingly higher strains.
This calibration method has found acceptance because foot pressure
and load-application curves can readily be obtained while a soil or
bituminous sample is being compacted in the usual manner. Monismith (53)
states that a bypass valve setting of l£ turns has generally been found
to produce the desired type of trace but, for any given air pressure,
the peak foot pressure will increase as the bypass valve opening is
increased.
Equipment and Procedures
The procedure used to calibrate the machine in this investigation
differs considerably from the method briefly described abore. The method
used for this study involves the use of less equipment, but does not
have the versatility of the University of California method. Typical
soil or bituminous concrete samples cannot be compacted by this procedure,
which is an undesirable feature. Another disadvantage of the system
is that only two strain gages were used and difficulty was encountered
in obtaining the same reading when rotating the pedestal through a
horizontal plane. This effect was produced as a result of the tamper
foot being slightly non-level. This was overcome to some extent by
placing a self -leveling cap on the pedestal, but the discrepancies
obtained still warranted another step.
The problem was overcome, to a point of satisfaction, by taking
four sets of readings and averaging the results. The pedestal was placed
in position and a set of readings was taken after which the cap of the
pedestal was turned 180 degrees and another set of readings was recorded.
The pedestal was then turnefi 180 degrees and the above two sets of readings
were obtained for that position. Experience indicated that the average
results obtained in this manner were highly reliable.
It is believed that the procedure as outlined is satisfactory for
obtaining peak foot pressures for the purpose of obtaining a calibration
curve for the compactor. Monismith (33) states that the traces obtained
using this method are satisfactory.
The calibration system, as used, consisted of a compression dyna-
mometer inserted immediately beneath the compactor foot . The dynamometer
was made of aluminum to the dimensions shown in Figure 35 to form a pedes-
tal. Two 3t-U A-7 strain gages were mounted on the surface of the load
cell in diametrically opposite positions. The only additional equipment
required was an amplifier and brush reorder for recording the pressure
-
time curve. Figure 3^ pictures the equipment ready for calibration with
proper control settings given in the legend, and Figure 35 is a diagran
of this equipment showing proper electrical connections.
The first step of the procedure was to calibrate the dynamometer.
This procedure is briefly outlined as follows:
1 Place a calibrated U,000 pound capacity proving ring under the
tamper foot and apply static loads at varying air pressures by allowing
the air pressure to force the foot downward without engaging the electric
motor.
2. Place the dynamometer under the tamper foot and apply static
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ring. Do this for the four positions described above.
3. Plot the load in pounds against the average number of divisions
offset on the recorder paper for each load. Draw a curve to fit best
these points and record the slope of the curve as the calibration factor
for the dynamometer expressed in pounds per millimeter division on the
recorder paper.
The next operation is to calibrate the compactor. The procedure
for this step is outlined below:
1. Engage the electric motor and operate the compactor as if
compacting a sample.
2. Obtain typical pressure-time traces at air pressure increments
of five psi settings from 5 to 50 psi. Do this for the four positions
previously described.
3. Average the peak foot pressures for these four settings and
analyze the results in the manner presented in Table 22 to obtain a
calibration curve of air pressure versus peak foot pressure for the
compactor.
k. Prepare a calibration curve, as shown in Figure 38.
Interpretation of Data
The values of peak pressure obtained with the standard spring
installed in the compactor were read directly from the recorded trace.
Typical traces obtained for this spring are shown in Figure 36. In
order to determine realistic peak pressures produced by the compactor
with the old spring installed, it was necessary to establish a new
criterion. This was to measure the area under the trace, since these
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(25 MILLIMETERS PER SECOND)
FIG. 36 TYPICAL TRACES WITH STANDARD
SPRING - BYPASS VALVE OPEN 1-3/4 TURNS
166
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FIG. 37 TYPICAL TRACES WITH OLD SPRING
BYPASS VALVE OPEN I- 3/4 TURNS
K7
compact samples over the range of the calibration. Typical traces for
this spring are shown in Figure yj .
Trace areas obtained for each air pressure setting with the old
spring were correlated directly with trace areas for the standard spring
to obtain a peak foot pressure. This procedure is not exactly correct,
in the sense of producing the actual peak pressure obtained under the
old spring, because the load-cycle interval for the old spring was found
to be slightly longer than for the standard spring, giving a correspond-
ingly lower peak pressure for the same area.
The final calibration curves obtained are presented in Figure 38
for the two springs. Discussion of the effects of the excessive
impact pressures obtained with the old spring is presented, whenever











































DATA - 1954, 1955, 1957
APPENDIX D
DATA - 1954, 1955, 1957
The test results presented in this section have been obtained by
personnel of the Joint Highway Research Project Bituminous Laboratory
over a three-year period. The complete test data have been sumnarized
and tabulated in the form presented here.
This summary provides useful quantitative results relating the ser-
vice performance of the three highways concerned over a period of three
years. Test results are presented in Table 24 for the year of con-
struction, one year after construction, and three years after construc-
tion. Supplementary results showing asphalt contents, mixture void
contents, and aggregate gradations are included for three years after
construction in Tables 25 and 26. An evaluation of these data is pre-
sented in the text of this report and these results have been combined







NOTE : ALL SAMPLES WERE

























Sample Notation and Location
(All Samplings)
Notation U.S. 20
- 5th Avenue in Gary










At Taft Street (traffic signal)
(1/8 inch rut in outside wheeltrack)
(l/l6 inch rut in inside wheeltrack)
At Taft Place Street
(1/8 inch rut in inside wheeltrack)
At Ellsworth Street
(l/l6 inch rut in inside wheeltrack)
U.S. kl








119th Street (traffic signal)























Sample Notation and Location
(All Samplings)
U.S. 12 - Indianapolis Blvd. (a)
Notation
Location
1-WA 1-QA At U.S. Ul Intersection (traffic signal)
A 2-WA 2-OA
3-WA 3-QA
1-WB 1-OB At Tourist Court
B 2-WB 2 -OB
3-wb 3-OB
1-WC 1-OC North End of Rinso Soap Factory
C 2-WC 2-OC
3-WC 3-OC
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Complete test results for the samples taken in 1959 from each of
the three pavements are tabulated in this section. Test results for
laboratory mixtures using the standard compactor spring are also pre-
sented. These results are summarized and presented in graphical fori,
in the discussion of results section of this report.
The tabulation of complete test results is presented here- for the

























































































































































































































































































































































































































































































































































































(a) Results extrapolated when lateral pressure exceeded maximum dial






































































































































Surface -Sample Aggregate Gradations
1
Percent Be tweec i
Sieve Size Sample Identification
Passing Retained 20-WA 20-WB 20-WC
1/2 in. 3/8 in. 7-1 7-0 9-1 6.0 -•"
3/8 in. No. 4 39-8 39-0 37-0 37.5 32.9
No. 4 No. 6 9.6 10.1 10.1 10.6 9-4
No. 6 No. 8 5-1 5-7 6.0 U-7 6.2
No. 8 No. 16 7-2 7-3 7.2 8.6 11.9
No. 16 No. 50 20.8 21.0 20.5 22.7 15.4
No. 50 No. 100 5.6 5.6 5-7 4-9 M
No. 100 No. 200 1.1 0.8 0.8 0.8 3-2
No. 200 3-7 3-5 3-6 4.2 7.6
Total retained on 53-2 52.1 52.5 50.9 47.4
No. 6 by wt. of mix
Sample weight, gms. 1139 1084 1126 1096 1010
Percent Between
Sieve Size Sample Identification
Passing Retained 41-WA 41
-WB 41-WC
1/2 in. 3/8 in. 8.1 7.0 6-3 6-3 7.4
3/8 in. No. 4 36.7 34.7 34.0 33-2 35-9
No. 4 No. 6 8.8 10.2 10.3 10.4 10.6
No. 6 No. 8 5.H 6.0 7-0 6.4 6.1
No. 8 No. 16 11.0 11.8 12.2 12.3 7-7
No. 16 No. 50 15.3 15-3 15-6 15.5 22.7
No. 50 No. 100 5.8 4.4 4.5 4-5 5-5
No. 100 No. 200 2.4 3.0 3.2 3-2 0.7
No. 200 6.7 7.6 6.9 8.2 M
Total retained on 49-4 48.4 46.9 46.4 50.2
No. 6 by wt. of mix





Surface -Sample Aggregate Gradations
Percent Between
Sieve Size Sample Identificati on
Passing Retained 12 -WA 12
-WB 12
-WC
1/2 in. 3/8 in - J.k 6.0 6.2 5-0 8.2
3/8 in. No. k 39-5 38.6 ko.k 38.9 40.5
No. k No. 6 9-9 10.2 10.2 10.1 9.U
No. 6 No. 8 5-3 5.5 M 5-5 U.7
No. 8 No. 16 6.8 7-6 17.0 7-3 6.3
No. 16 No. 50 19-9 21.8 10.5 22.8 21.8
No. 50 No. 100 5-1 5-5 5.7 5-7 5.2
No. 100 No. 200 0.9 0.9 l.l 0-9 0.9
No. 200 5-2 3-9 3-5 3.8 3.0
Total retained on 53-9 51.7 53-6 50.5 5J+.6
No. 6 by wt. of mix














































































































































































































































1 in. 1/2 in.
1/2 in. No. 4
No. 4 No. 6
No. 6 No. 8
No. 8 No. 16
No. 16 No. 50
No. 50 No. 100
No. 100 No. 200
No. 200 --_
Total retained on














































































































3/k in. 1/2 in. 9-5 8.7 7-6
1/2 in. No. 1* V7-3 50.5 45.8
No. k No. 6 6.4 6.2 7-4
No. 6 No. 8 4.2 3-3 U.9
No. 8 No. 16 5-7 5-5 6.3
No. 16 No. 50 19-6 19-1 20.7
No. 50 No. 100 4.3 k.2 4.7
No. 100 No. 200 0.7 0.7 0.7
No. 200 2.5 1.8 1.9
Total retained on 59-2 61.
7
67.1
No. 6 by wt. of mix
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Gradation "A" Aggregate and Mixture Properties
191




































Surface area, sq ft / lb =
CKE, percent =
OE, percent
Optimum A/C, percent aggregate weight =
Design A/C (by mix), percent =
Design A/C (by agg.), percent =
Rice specific gravity =»
Theo. maximum specific gravity (Bulk) =
Theo. maximum specific gravity (App. ) =
Theo. maximum specific gravity (Eff.) =
28.5
5.1* (Av. of two)









Gradation "B" Aggregate and Mixture Properties

































Specific gravity of mineral filler
Surface area, sq ft/lb
CKB, percent
0E, percent
Optimum A/C, percent aggregate weight
Rice Specific gravity
Design A/C (by mix), percent
Design A/C (by agg.), percent
Theo. maximum specific gravity (Bulk)
Theo. maximum specific gravity (App.
)

























































Surface area, sq ft/lb
CKE, percent
OE, percent
Optimum A/C, percent agg. wt.
Design A/C (by mix), percent
Design A/C (by agg.), percent
Rice specific gravity
Theo. maximum specific gravity (Bulk)
Theo. maximum specific gravity (App.)















Gradation "D" Aggregate and Mixture Properties



































Surface area, sq ft/lb s 10.1+
CKE, percent = 1.9 (Av. of two)
0E, percent SB 5.2 (Av. of two)
Optimum A/C
,
percent agg. wt. SB 5.8
Design A/C (by mix), percent 6.1
Design A/C (by agg.), percent 6.5
Rice specific gravity 2.1+l(Av. of three)
Theo. maximum specific gravity (Bulk) S 2.33
Theo. maximum specific gravity (App.) » 2.1+3
Theo. maximum specific gravity (Eff.) * 2.38
Table 37
Routine Test Results for Laboratory Compacted Specimens
(Standard Spring)
19C
Compaction Hveem Bulk Percent
jradation Pressure, Stability Density, Mix
psi pcf Voids (1)
A 70 31.2 146.1 4.3
A 125 28.9 150.0 1.8
A 225 22.7 152.4 0.2
A 275 27.8 1515 0.8
A 330 26.8 152.4 0.2
A 385 14.7 152.8 -__
A 1+60 1.7(2) 153-2
A 50-blow Marshall 39-6 147.1 5-7
A 50-blow Marshall 41. 148.0 5-1
A 50-blow Marshall 42.4 148.0 3-1
B 275 35-6 148.4 1.7
B 1+60 37-6 149.0 1-3
B 595 32.1 150.4 G.3
B 645 31.8 150.4 0.3
B 50-blow Marshall --__ _ ___ - - -
B 50-blow Marshall 27.3 142.1 5.6
B 50-blow Marshall 26.2 140.3 7-0
C 125 21.8 146.3 3-7
C 275 32.9 148.3 2.4
C 385 36.9 149-9 1-3
C 460 32.8 151.2 0.5
C 525 46.3 151.1 0.5
C 595 42-9 151.6 0.1
C 50-blow Marshall 22.6 147-9 2.b
C 50-blow Marshall 28.6 147.6 2.8
c 50-blow Marshall 23.4 149.2 1.8
D 125 31.6 145.3 3-4
D 175 34.1 145.6 3.2
D 275 41.0 146.5 2.6
D 385 41.9 147.6 1.7
D 460 38.3 149.1 0.9
D 525 44.4 148.8 1.1
D 595 46.2 149.2 0.8
































(1) Determined by use of Rice maximum density.
(2) Results extrapolated when the lateral pressure exceeded
the maximum dial reading of 200 psi.
1j7
Table 38


















































































































































































































































































DATA - OLD COMPACTOR SFRING
APPENDIX F
DATA - OLD COMPACTOR SPRING
Numerous specimens were molded and tested for each of the four
laboratory mixtures using the old (low-capacity) spring installed in
the kneading compactor. Complete test results are presented here for
the data record. Further analysis of these data may be desiratle, es-
pecially of the aggregate degradation data. For this reason, the data
tabulated are presented in full rather than as average values.
A summary of the data and graphical presentation of the results
are shown in Appendix G of this report.
200
Table 39

















































Core and Remolded Samples From the
















































Remolded-Sample Test Results (l), (Old Sprine)
Bulk
Layer Specimen Density, Hveem
Identification pcf Stability








(1) Remolding compaction pressure = 595 psi.
(2) Results extrapolated when lateral pressure exceeded
maximum dial reading of 200 psi.
Table 40














(1) Rice maximum density value of 152.7 used tnx^'< ^e o compute voids.
l«J; Design asphalt content of 7 n
voids filled with asphalt.
? ^^ ""* to cc^"te percent
Table 41

































































































(1) Rice Maximum Density value of 152-7 used to compute voids.
(2) Results extrapolated when lateral pressure exceeded maximum
dial reading of 200 psi.
204
Table 42
Gradation "A" Aggregate Qradationa (old Spring)
Sieve Size Compaction Pressure, psi
Passing Retained 70 125
Percent Between
1/2 in. 3/8 in. 8.9 9.6 9-6 10.7 8.6 9.2
3/8 in. No. 4 29-4 27.5 30.4 28.6 30.6 31.5
No. 4 No. 6 14.3 14.2" 13.0 14.7 13.7 12.2
No. 6 No. 8 5-8 6.1 5-3 5-4 5.6 5-4
No. 8 No. 16 10.9 10.9 10.9 10.5 10.5 10.3
No. 16 No. 50 16.7 17.0 16.7 17.0 17.3 17-6
No. 50 No. 100 3-9 4.3 3-9 3-6 3-8 3.8
No. 100 No. 200 3-6 3.7 3-7 3.2 3-2 3.*
No. 200 6.5 6.7 6.5 6-3 6.7 6.6
Total retained on 48.9 47.7 ^9.3 50.2 49.2 49.2
No. 6 by wt. of mix
Sieve Size Compaction ]Pressure
,
P»l
Passing Retained 225 275
Percent Between
1/2 in. 3/8 in. 10.0 9.1 10.4 9-5 9-3 9.6
3/8 in. No. 4 27.7 28.9 29.6 27.7 25-3 32.2
No. 4 No. 6 15.5 15.0 12.9 14.9 17.4 11.0
No. 6 No. 8 5-3 5-7 5.7 5-6 5-8 5.* *
No. 8 No. 16 10.8 10.3 10.6 10.2 10.4 10.4
No. 16 No. 50 17.2 17.4 17.4 18.1 17-7 17-9
No. 50 No. 100 3-7 3-7 4.0 4.5 4.2 4.2
No. 100 No. 200 3.2 3.2 3.4 3.2 3.5 3.9
No. 200 -- 6.6 6.7 6.0 6-3 6.4 5-*
Total retained on 49.5 49.3 49.2 48.4 48.3 49.I
No. 6 by vt. of mix
(Continued)
Table 42 (continued)
Gradation "A" Aggregate Gradations (Old Spring)
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Percent Be twee n
1/2 in. 5/8 in. 9-0 9-1 8.5 10.0 9.9 9-1
5/8 in. No. 4 27.6 21.3 22.2 27.7 19-5 51.5
No. 4 No. 6 16.1 22.5 21.9 14.9 25.7 13.1
No. 6 No. 8 5.6 5-5 5-7 5-9 5-5 5-8
No. 8 No. 16 10.5 10.3 10.5 10.2 10.2 10.1
No. 16 No. 50 17-5 17.1 17.5 17-5 17.5 17.2
No. 50 No. 100 5.7 5-7 5.8 4.0 5-8 5.8
No. 100 No. 200 3A 5-5 5-2 3-5 5-4 5.0
No. 200 __- 6.8 7.2 7-1 6.5 6.9 6.6
Total retained on 49.0 1*9.2 U8.9 48.9 49.4 49.7
No. 6 by wt. of mix
Sieve Size Compaction Piessure, psi
Passing Retained 1*60 Marshall Compacted
Percent Between
1/2 in. 5/8 in. 10.6 10.8 9-5 8.9 10.1 10.6
5/8 No. 4 29.5 52.7 55-5 27-5 50.9 25.0
No. If No. 6 12.8 9-8 9.7 I6.5 12.6 17-5
No. 6 No. 8 5.8 5-2 5.7 5-7 5-0 5-2
No. 8 No. 16 10.2 10. 4 10.1 10.8 10.7 10.7
No. 16 No. 50 17-5 17.1 17.
4
16.6 16.9 16.9
No. 50 No. 100 5.8 5.8 5-9 4.1 4.1 4.5
No. 100 No. 200 5-2 5-4 M 5.8 5.6 5.8
No. 200 --- 6.8 6.8 6.8 6.5 6.1 6.2
Total retained on 49.2 48.5 49.0 49.0 49.8 49.2
Ho. 6 by wt. of mix
206
Table 43





















275 2185 12.2 147-3 2.4 71-5
1+60 2480 14.5 149-3 1.1 84.9
595 2687 15.3 150.6 0.2 96.7













921 9.4 144.1 4.5 57-1
(1) Rice maximum density of 150.9 used to compute voids.
(2) Design asphalt content of 6.0 percent was used to compute
percent voids filled with asphalt.
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7-5 min. @ 595
7-5 min. @ 595







10 min. @ 595
10 min. @ 595







4 min. @ 525
4 min. @ 525







5 min. @ 525
5 min. @ 525







7 min. @ 525
7 min. @ 525







8 min. @ 525
8 min. @ 525









(1) Rice maximum density of 150.9 used to compute voids.
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Table 45




































































































































































Gradation "B" Aggregate Gradations (Old Sprinr)
Sieve Size Compaction Pressure, psi
Passing Retained 5 min. @ 525 7 min. £ 525
Percent Between
1/2 in. 3/8 in. 10.0 8.3 9.1 7.8 8.2 7-5
3/8 in. No. 4 33.5 3^.3 33-8 35.1 33-7 >.l
No. k No. 6 11-5 11.7 12.2 11.7 11.8 12.3
No. 6 No. 8 5-2 5-2 5-0 5-3 5-6 M
No. 8 No. 16 7-9 8.3 7-6 7.9 7-9 7-9
No. 16 No. 50 22.1 22.8 22. k 22.0 22.4 22. k
No. 50 No. 100 5.0 5.0 5-2 5.0 5-3 5-2
No. 100 No. 200 1.1 1.2 1.5 1.1 1.1 1.2
No. 200 --- 3.7 3-2 3.2 U.l k.O k.O
Total retained on
No. 6 by wt. of mix 51.7 51.0 51.2 51.3 50.5 50.7
Sieve Size Compaction Pressure, psi
Passing Retained 8 min. @ 525
Percent Between
1/2 in. 3/8 in. Q.k 7.6 8.6
3/8 in. No. k 33. k 34.1 33.^
No. k No. 6 12.0 12.1 12.3
No. 6 No. 8 5.3 5. »f 5.5
No. 8 No. 16 8.1 8.5 8.5
No. 16 No. 50 22.2 22.1 21.7
No. 50 No. 100 5-3 5.0 5.0
No. 100 No. 200 1-3 1.3 1.3
No. 200 --- k.O 3-9 3-7
Total retained on 50.6 50.6 51.0




Gradation "B" Aggregate Gradations (old Spring)
Sieve Size Compaction Pressure, psi
Passing Retained Marshall Compacted 7-5 mil1. e 595
Percent Between
1/2 in. 5/8 in. 8.9 9-0 9-0 8-5 9.0 7-8
5/8 in. No. 4 58.4 57-6 57-5 50.2 51.7 52.1
No. 4 No. 6 10.6 10.5 10.9 12.2 ii.* 12.4
No. 6 No. 8 4.5 4.6 4.7 5-7 5.5 5-6
No. 8 No. 16 6.6 6.7 6.4 8.6 8.7 8.1
No. 16 No. 50 25.2 25.5 25.6 22.2 21.5 22.2
No. 50 No. 100 4.9 5-1 5.1 5.2 5.5 5-5
No. 100 No. 200 0.7 0.6 0.6 1-7 1.5 1.7
No. 200 2.4 2.6 2.4 5-9 5.6 4.8
Total retained on 54.4 55.7 55-8 47.7 49.0 49.2
No. 6 by wt. of mix
Sieve Size Compaction Pressure, psi
Passing Retained 10 mi a. @ 595 4 min • @ 525
Percent Between
1/2 in. 5/8 in. 7-9 8.7 7-4 7.9 8.4 7.7
5/8 No. 4 55-4 55-1 55-0 54.0 54.6 54.0
No. 4 No. 6 10.5 11.7 11.5 12.4 11.8 12.5
No. 6 No. 8 5-9 5.8 5-5 5-2 5.5 5-5
No. 8 No. 16 7-9 8.5 7-9 7.7 7-8 8.0
No. 16 No. 50 22.4 21.6 21.4 25.O 22.4 22.0
No. 50 No. 100 5.5 6.1 5-5 5.1 5.5 5-5
No. 100 No. 200 2.5 1.5 1-7 1.0 1.0 1.2
No. 200 4.2 5-2 4.5 5-7 M 4.2
Total re tained on 48.7 50.5 50.5 51.0 51.5 50.8
No. 6 by wt. of mix
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Table k6






















125 1511 16.1 lVf.8 2.7 67.7
275 2027 29.5 150.3 1.1 8U.U
585 2298 21.0 151.3 O.k 93-6
U60 2975 2k.6 151.6 0.2 96.6
525 5186 19.1 153.3











153^ 13.3 1W.0 2.6 68.8
(1) Rice maximum density of 151-9 used to compute voids.
























































































(1) Rice maximum density of 151-9 used to compute voids.
(2) Results extrapolated when lateral pressure exceeded maximum
dial reading of 200 psi.
Table 48
Gradation "C" Aggregate Gradations
(Old Spring)
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Sieve Size Compaction Pressure, psi
Passing Retained 125 275
Percent 3etwee
n
1 in. 1/2 in. 27-9 18.5 24.2 25.5 28.0 25.1
1/2 in. No. 4 58.O 42.8 57.9 59.8 55-5 56.8
No. 4 No. 6 1.0 4.0 5.4 5-6 2.8 5-5
No. 6 No. 8 t.9 5.0 5-1 5.0 2.7 5-1
No. 8 No. 16 6.8 5-5 7-1 6.4 6.8 6.6
No. 16 No. 50 11.2 14.5 12.0 10.7 12.0 11.5
No. 50 No. 100 2.7 2.9 5-0 2.7 2.4 2.8
No. 100 No. 200 2.7 2.9 5.5 2.9 5.7 5.0
No. 200 4.8 5.9 6.0 7.4 8.1 7.8
Total retained on 65.O 61.6 61.8 65.I 60.7 61.7
No. 6 by wt. of mix
Sieve Size Compaction Pressure, psi
Passing Retained 585 460
Percent Between
1 in. 1/2 in. 21*.
1
25.O 25.4 21.9 24.0 27.5
1/2 in. No. 4 56.8 58.7 56.9 58.2 57-5 54.5
No. 4 No. 6 5.7 5.7 5.6 5-9 5-1 5-4
No. 6 No. 8 5.5 2.9 2.9 5-1 5-1 2.9
No. 8 No. 16 6.9 6.8 7-5 7-1 7-4 7.1
No. 16 No. 50 11.7 11.8 11.9 12.2 12.0 12.0
No. 50 No. 100 5.2 5.2 2.8 2.4 5-1 2.4
No. 100 No. 200 5.5 5.6 5-5 5-9 4.4 5-7
No. 200 6.8 6.5 5-9 7.5 5-4 6.7
Total retained on 60.9 61.7 62.2 60.4 60.9 61.5











































































































































56.3 56. 4 57-8
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Table 1+9





















125 1201+ 12.5 11+3.6 1*.5 57-3
175 1092 11. 1+ ll+l+.l 1+.2 59-1
275 1387 11.0 11+6.1 2.9 67.9
585 1779 9.6 11+5-5 3-3 65.O
U60 2179 10.1+ 11+7-3 2.1 71+.
6
525 2795 12.2 150.0 0-3 95-7
595 29I+I 10.1+ 150.0 0-3 95-7











882 10.5 II+5.0 1+.9 55-2
(1) Rice maximum density of 150.1+ used to compute voids.
(2) Design asphalt content of 6.1 percent used to compute percent
voids filled with asphalt.
ue
Table 50






































































































4 min. @ 595
4 min. @ 595






















6 min. @ 595
6 min. © 595








8 min. © 595
8 min. © 595















(1) Rice maximum density of 150.4 used to compute voids.
(2) Results extrapolated when lateral pressure exceeded maximum




Gradation "D" Aggregate Gradations
(Old Spring)





5/4 in. 1/2 in. 14.0 17.9 17-6 16.1 17-7
1/2 in. No. 4 Us.
6
45.2 45.6 45.9 41.1
No. 4 No. 6 5-2 5.4 6.4 6.8
No. 6 No. 8 8.8 5-5 5.0 5-5 3-7
No. 8 No. 16 5-8 5-5 5-5 5-4 5.7
No. 16 No. 50 19-9 19-6 19.6 19.2 19.0
No. 50 No. 100 5.8 5-5 5-5 3-3 3-6
No. 100 No. 200 0-7 0.5 0.7 0.9 1.0
No. 200 1.4 1.1 1.1 1.5 1.4
Total retained on _ -- 62.5 62.6 62.4 61.6 —
No . 6 by wt . of mix
Sieve Size Compaction Pr<jssure, psi
Passing Retained 585 460
Percent Between
5/1* in. 1/2 in. 18.5 17.2 15.6 15.2 15.6 15-3
1/2 in. No. 4 40.0 42.8 41.4 41.9 45.5 44.2
No. 4 No. 6 7.4 5-9 8.1 6.2 6.1 5.8
No. 6 No. 8 5-5 3-2 5.5 4.8 5-4 3-5
No. 8 No. 16 5-9 5-6 5-8 5-6 5-7 5.6
No. 16 No. 50 19-1 19.5 19.4 19-5 19-7 19.5
No. 50 No. 100 5.4 5.6 3-6 5-7 5.5 5.6
No. 100 No. 200 1.0 0.9 1.0 1.7 0.9 0.9
No. 200 1.6 1-5 1.8 1.6 1.6 1.6
Total retained on 61.7 61.9 61.2 59-5 61.2 61.5
No. 6 by wt. of mix
(Continued )
Table 51 (continued)
Gradation "D" Aggregate Gradations
(Old Spring)
Sieve Size Compaction Pressure, psi
Passing Retained 525 595
Percent Between
5/1* in. 1/2 in. 15-9 15.5 15.5 16.7 12.5 11-9
1/2 in. No. 4 45.7 45.5 42.7 40.6 44.3 46.0
No. 1+ No. 6 6.0 6.1 6.5 6.6 6.5 6.1
No. 6 No. 8 5.5 5-7 5-8 5-7 5-9 5-6
No. 8 No. 16 5.8 6.2 6.6 6.0 6.5 6.0
No. 16 No. 50 19-4 19.8 19-8 19.4 19.6 19.4
No. 50 No. 100 5-9 5-9 5.8 5.6 5.7 5-6
No. 100 No. 200 1.2 1.2 1.2 1.2 1.2 1.2
No. 200 2.6 2.1 2.5 2.2 ' 2.2 2.2
Total retained on 59.7 59.5 58.7 60.0 59-5 60.1
No. 6 by wt. of mix
Sieve Size Compaction Pressure, psi
Passing Retained 645 Marshall Compacted
Percent Between
5/4 in. 1/2 in. 11.7 14.5 12.6 16.2 18.2 17.9
1/2 in. No. 4 40.7 59-8 45.5 44.1 U.
4
45.0
No. 4 No. 6 7.2 7.1 7.0 5.8 6.4 5.4
No. 6 No. 8 4.1 5-8 5-5 5-5 5-4 5-4
No. 8 No. 16 7.7 6.8 6.4 5.8 6.7 5-5
No. 16 No. 50 19.5 19.7 19.5 19.7 I8.7 20.1
No. 50 No. 100 4.7 4.5 4.4 5-4 5-5 5-5
No. 100 No. 200 1.2 1.1 1.2 0.6 0.6 0.6
No. 200 5-4 2.9 2.1 l.l 1.1 1.0
Total retained on 56.0 57-8 58.7 62.1 62.0 62.5




Gradation "D" Aggregate Gradations
(Old Spring)
Sieve Size Compaction Pressure, psi
Passing Retained 4 min. @ 595 6 min. @ 595
Percent Between
3A in- 1/2 in. 16.2 14.8 12.7 16.0 I6.3 16.7
1/2 in. No. 4 41.5 42.4 44.4 40.2 40.2 58.8
No. 4 No. 6 6.6 6.4 7.1 5.8 7.0 6.7
No. 6 No. 8 3-9 5.8 3-9 4.0 3.6 3.6
No. 8 No. 16 6.5 6.4 6.1* 7.3 6.3 7-1
No. 16 No. 50 19-5 19-8 19-7 18.0 19.2 I8.5
No. 50 No. 100 3-8 5-8 4.0 4.5 3-8 4.4
No. 100 No. 200 0.8 0.6 0.7 1.2 1.0 1.2
No. 200 ... 1.6 2.0 1.1 5.0 2.6 3-0
Total retained on 60.4 59-7 60.3 58.2 59.7 58.4
No. 6 by wt. of mix
Sieve Size Compaction Pressure, psi
Passing Retained 8 min • « 595• 10 min. e 595
Percent Between
3/4 in. 1/2 in. 10.9 14.3 12.5 20.9 19.0 13.5
1/2 in. No. 4 45.8 42.4 43.2 56.7 58.9 42.3
No. 4 No. 6 6.8 6.6 6.1 6.5 5-7 7-0
No. 6 No. 8 3.7 3.8 3-6 5.0 5-6 3-8
No. 8 No. 16 6.2 6.8 7.0 6.7 5.8 6.3
No. 16 No. 50 18.8 17.8 19.1 16.9 18.1 18.3
No. 50 No. 100 5.9 3.6 4.1 4.1 5.8 4.0
No. 100 No. 200 1.0 1.1 1.2 1.6 1.5 1.1
No. 200 — 2.9 3.6 3-2 5.8 5.8 3-7
Total retained on 59.7 59-5 58.1 59-5 59-7 59-0
No. 6 by wt. of mix
APPENDIX G
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APPENDIX G
RESULTS - OLD COMPACTOR SPRING
The summarized results recorded in Table 52 are presented graphical-
ly in the series of figures in this section. Marshall Test results are
also illustrated from data of Appendix F. Certain aspects and trends
observed in these figures are discussed at appropriate points of discus-
ion under the heading of RESULTS in this report.
The compaction and particle orientation produced by use of the low-
capacity spring probably are somewhat different than that obtained with
the standard spring installed. Thus, the test property results are
ferent for the two springs. Nevertheless, the graphical presentation
of the results in this Appendix points out several interesting features
about kneading compaction and about the various gradations used in the
study.
Even though the recorded compaction pressures for the old sprinp
may not agree with the standard spring, the trends developed, and shown
in the following figures, are indicative of what can result in the pro-
perties of a mixture by varying the compaction pressure.
Reference is made to the text of the report for further analysis,
evaluation, and explanation of the carves presented here.
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Table 52
Summary of Hveera Test Results
(old spring)
Oradation Compaction Hveem Bulk Percent Percent Ag^re/ate
Pressure, Stability Density, Mix Retained on Ho. 6
psi pcf Voids
(a)
Sieve by Mix ft.
A 70 2^.6 147.5 • \D 48.6
A 125 34.8 148.2 3.1 49.5
A 225 36.6 150.4 1.5 4^.3
A 275 36.9 150.3 1.6 46."
A 330 35.2 151.4 0.9 4.-.1
A 385 21.4 152.1 0.8 49.2





B 275 34.5 146.2 1.8 53.8
B 460 33.5 149.6 0.9 52 .3
B 595 17.4 151.3 49. D
B 645 16.4 150.6 0.2 50.3
B Marshall
Compacted
26.8 141.2 6.4 54.0
B 7-g min, 5S5 15.5 151.0 48.5
B 10 min, 595 11.4 150.8 3.1 •
B 4 min, 525 29.9 149.9 0.7 51.1
B 5 min, 525 25.0 150.4 0.4 51.3
B 7 min, 525 24.4 151.0 0.0 5C.3
B 8 min, 525 23.0 151.0 0.0 50.7
C 125 20.3 146.8 3.4 62.2
C 275 30.8 149.6 1.5 61.9
C 385 33.7 150.0 I. 61.6
C 460 40.8 151.5 0.6 60.9
C 525 41.3 153.1 61.5
C 595 7.7 154.1 5t .
C Marshall
Compacted
24.9 148.2 2.4 63.1
D 125 23.8 144.2 4.1 62.7
D 175 27.7 144.8 3.7 52.5
D 275 37.5 146.0 3.0 62.0
D 385 37.1 146.9 2.3 61.6
D 460 41.5 147.5 1.9 60.7
D 525 39.7 149.2 0.8 59.2
D 595 39.2 150.1 0.4
D 645 23.9 151.3 ... 57.
D Marshall
Compacted





Summary of Hveem Test Results
(old spring)
Gradation Compaction Hveem Bulk Percent Fercent /.^ ire rate
Pressure, Stability Density, Mix detained on No. 6
psi pcf Voids
(a)
Sieve by Mix Hi
.
D 4 min, 595 33.1 150.2 0.3 60.1
D 6 min, 595 30.2 150.6 0.2 58.8
D 8 min, 595 23.0 151.5 ___ 59.1
D 10 min, 595 11.9 151.8 59.3








































































































































































































































































































































































































O COMPACTION PRESSURE =
525 PSI
n COMPACTION PRESSURE =
595 PSI
V
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FIG.44 EFFECT OF COMPACTION TIME ON HVEEM TEST
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FIG. 45 EFFECT OF COMPACTION TIME ON HVEEM















































































FIG. 46 MARSHALL TEST PROPERTY CURVES - SURFACE
("old spring)











































































































FIG.48 RELATIONSHIP BETWEEN HVEEM AND MARSHALL







Effect of the Stabilometer Test on Specimen Density by Comparing

















2 X^ « 23.07
1 x



























Assumptions: Normal populations, Equal variability within populations.
Independent samples
Hypothesis: The two populations have the same mean
Significance Level: Choose a = 0.05
X, - Xn -
n,+ n_ - 2 m t13+5-2
\
2 X^













Reject the hypothesis if t., rtc > 2.12.lb, . 05
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Jk.k9 - *$* 23.07-. 106.0?/ l i
5 V 13 5
13+5-2
Conclusion: Accept the hypothesis that the two means are equal; the























































Assumptions: Normal populations, Equal variability within populations.
Independent samples
Hypothesis: The two populations have the same mean

























Reject the hypothesis if t1c rtc > 2.1315,. 05
Conclusion: Accept the hypothesis that the two means are equal;
the Stabilometer test does not significantly affect the
specimen density.
B. Comparison of Original and Remolded Density and Stability


































Assumptions: Normal populations, Matched-pair samples
Hypothesis: There is no difference between the original and re-
molded results - 7 0.
Significance Level: Choose a * 0.05
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<* - V /k 1.40^4 27,
Reject the hypothesis if t „ > 5-18
Conclusion: Accept the hypothesis. There is no evidence of a


















Hypothesis: There is no difference between the original and











8d- 5-357 8d » 2.515
Significance Level: Choose a » 0.05
( d - 7 ) Vk 4.60^8
2.315
- 5.62
Reject the hypothesis if t „ > 2.36
Conclusion: Reject the hypothesis. There is evidence of a



































d *. 19-225 28d" 8.310 sd . 2.8/
Assumptions: Normal populations
Matched-pair samples.
Hypothesis: There is no difference between the original and
remolded results - 7 » 0.




Wk 19.225 V"4 ._ „
Reject the hypothesis if t > 3. 18
Conclusion: Reject the hypothesis. There is evidence of a





Specimen Gjradations Original Remolded
20-0A C 29.0 25.6
20- OB C 22.2 55-8
20-OC C 23.4 24.0
41-OA C 48.7 40.1
41-0B C 27.8 25.0
4l-0C C 35.4 29.2
12-OA D 36.6 20.2
12
-OB D 15.2 14.5
12-OC D 22.4 39-6















Hypothesis: There is no difference between the original and
remolded results - y » 0.
Significance Level: Choose a * O.05.
t a, _ „ ' - ^ m 0.218 8d 10.V7
Reject the hypothesis if tQ __ > 2.3I.0, .05
Conclusion: Accept the hypothesis. There is no evidence of a
significant difference between the original and
remolded results.


